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Magnetic patterned structures using soft materials such as Ni80Fe20 are being explored 
due to its applications in information storage. Defects in the structures have been 
found to serve as pinning centers for domain walls or vortices. The introduction of 
holes into the structures modifies their domain configurations and switching 
properties. In this work, we study the effect of circular voids in capsule-shaped 2 µm 
x 1 µm structures by varying the position, the number and the size of the holes and the 
structure’s aspect ratio.  
 
EBL was used to pattern the magnetic structures onto gold conductors made using 
optical lithography. Both the gold conductors and magnetic structures were deposited 
with material using thermal evaporation and lifted-off by soaking in acetone. 
 
Instead of the conventional method of switching by an external field, we use the 
circumferential field from a current-carrying conductor to induce domain changes to 
the magnetic structures. Magnetic force microscopy (MFM) was used to image the 
domain configurations of the structure and the results were compared to simulation 
done using Object-oriented Micro-magnetic Framework (OOMMF).  
 
In the experiments, the following trends were determined: 
1. Effect of the hole position 
2. Effect of number of holes 
3. Effect of hole size 
4. Effect of structure aspect ratio 
 
 vi 
It was found that the position of a single hole (diameter of 200 nm), whether at the 
center or at the side (at ¼ of the length), did not make significant differences as both 
raised the remanent magnetization of the void-less structure from 4% to about 40%. 
Both had similar mechanism for magnetic reversal: nucleation, displacement and 
annihilation of vortices.  
 
When a second hole was added (one hole at ¼ and the other at ¾ of the length) the 
remanent magnetization was further increased to around 80%. The addition of a third 
hole did not further increase the remanent magnetization. The high remanent 
magnetization was attributed to the pinning effect of the side holes on the vortices. 
The mechanism here differs from before, as it involves the expulsion of the vortices 
and the creation of new vortices with different senses of rotation.  
 
To study the effect of hole-size, the 2-hole structure with a larger hole size of 400 nm 
was introduced and compared. A larger field is needed for magnetization reversal 
compared to the 2-hole structure of 200 nm. A larger aspect ratio 4 µm x 1 µm 2-hole 
structure showed cleaner switching with less intermediate states. It is also found that 
the 2-side-hole 4 µm x 1 µm structure compared to the void-less 4 µm x 1 µm 
structure had a higher remanent magnetization and switching field, showing that voids 
in higher aspect ratio structures are also effective.   
 
The comparison of MFM images from the current application experiment with the 
OOMMF simulation data showed good correspondence.  
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Literature Review and Goal-setting 
    
1.1 Overview 
The aim of this review is to establish the scope of the research and determine the 
optimal approach of conducting our experiments. Patterned magnetic thin-film 
structures have been of great interest for its applications in information storage in 
devices such as magnetic random access memory (MRAM). The non-volatility and 
high theoretical switching speeds of magnetic materials have sustained the interest in 
such devices. Numerous studies have been conducted on the switching properties of 
patterned magnetic thin-film structures to optimize their various characteristics for 
information storage applications. 1 , 2 , 3  The conventional magnetic bit stores 
information by having its magnetic moments all saturated in one direction 
representing bit ‘1’. The information is erased when the moments are switched to the 
opposite direction to represent bit ‘0’. Therefore, the signal obtained from a magnetic 
bit is directly proportional to the amount of remanent magnetization that can be read 
from the bit. For a clear signal, a high remanent magnetization is required for the 
magnetic structure. Thus, this property needs to be given serious consideration and 
maximized when designing the structure.  
 
For this purpose, the chapter starts by providing a background on magnetic random 
access memory, MRAM, and then focuses on the design of the magnetic element used 
as the basic memory cell. The magnetic property of the magnetic element is affected 
by its physical geometric properties, such as shape, size, aspect ratio and thickness.4, 5, 
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6
 The introduction of holes or voids in the magnetic element to modify its properties is 
also recently being explored.7 The review focuses on observation of magnetic domain 
configuration in these structures, especially on permalloy material.  
 
1.2 Magnetic random access memory (MRAM) 
Magnetic random access memory (MRAM) is an information storage device 
operating on the principle of magnetic states and switching. The basic element, which 
corresponds to each bit in the MRAM structure, is a magnetic tunnel junction (MTJ) 
which stores information by the tunneling magneto-resistance (TMR) effect. Each 
MTJ has 2 layers of magnetic material and a spacer layer between them. An 
antiferromagnetic material is in contact with the bottom magnetic layer and pins it in a 
fixed direction. Storage of information is done by the alignment of the spin of the 
magnetic layers. Having both layers aligned in the same direction gives a low 
resistance value while having them in different directions gives a high resistance 
value. The two resistance values correspond to two states, ‘0’ and ‘1’.   
 
The interest in MRAM stems from the fact that MRAM possesses the non-volatility, 
endurance, speed, and density necessary to become a “universal memory” that no 
precedent solutions offered.8 A detailed comparison is presented in the table in fig. 1.1.  
 
Figure 1.1 Table showing the capabilities of the various RAMs.8 
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The MRAM structure produced by Freescale Semiconductor is composed of a thin 
oxide pass transistor, a single MTJ, a top and bottom sense electrodes, and two 
orthogonal program lines, as shown in fig. 1.2.9 The bits are programmed via the two 
conductors running perpendicular to each other. The conductors generate a magnetic 
field, which switches the bit to be written. In our work, the design of the setup is 
similar to the MRAM in the sense that a current-carrying conductor is used to 
introduce domain changes to the magnetic structure. 
 
 
Figure 1.2 MRAM bit cell structure, showing the sense path and programming lines.9 
 
In order for MRAM to become a feasible solution, several issues are to be resolved. 
Controlling repeatability and reproducibility of bit switching characteristics is critical 
for writing individual bits within an array without disturbing neighboring bits. 
Switching repeatability, as well as hard-axis selectability, is achieved by control of bit 
shape and aspect ratio. Thus, a good design for the free-layer magnetic element in the 
bit is essential for the design of the MRAM. Hence, our work also revolves around 
this issue, exploring the effects of introducing voids to a capsule-shaped structure, 
which has the potential to be used as an MRAM bit. 
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1.3 Methods of switching 
The conventional method of switching a magnetic element when conducting 
experiments is by using an externally applied field. In current MRAM, the magnetic 
element is switched by the circumference magnetic field produced when current is 
pulsed through the underlying conductors of each cell. In additional, the magnetic 
element can also be switched by injecting current, either polarized or not, through the 
element itself.  
 
Koo and Gomez reported using current pulses to switch the domain configurations of 
small permalloy patterns10. The domain pattern can be uniquely set into either a four 
or seven closure domain configuration by applying either a positive or negative 10 ns 
current pulse at the density of 107 A/cm2 as shown in fig. 1.3. The current pulse 
induces domain wall motion due to s-d exchange force directed along the electron 
flow and also produces an Amperian field at the contact regions.  
 
 
Figure 1.3 Bi-stable domain reconfiguration: (a) Schematic geometry of NiFe patterns. NiFe 
rectangle is covered with the asymmetric contact pads. MFM images are obtained; (b) as-
prepared; (c) after current application of a pulse with density _4.25_107 A/cm2; and (d) after 
current application of a pulse with +3.65_107 A/cm2. The diagrams of domain reconfiguration 
dynamics show (e)–(g) 7D–4D transition and (g)–(i) 4D–
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1.4 Design of the magnetic element 
Design of the magnetic element depends on various factors such as the material used 
and the geometry of the element. In this section, we take a look at the different 
ferromagnetic materials and the different geometries and their effect on magnetic 
properties.  
 
1.4.1 Material  
It has to be noted that the literature review has been limited to micro-lithographed 
permalloy thin film elements which have near zero magnetostriction and negligible 
magnetocrystalline anisotropy. They were deposited in the earth’s magnetic field and 
as such had properties which were dependent solely on the shape and size of the 
particle and the magnetization and domain wall energy of permalloy. Consequently, 
they are ideal samples which are widely experimented and relatively well known.  
 
1.4.2 Shape 
The shape of the magnetic element will determine how it forms domains structures, 
since magnetic dipoles tend to align themselves parallel to the edges to reduce 
demagnetizing energy. This review focuses on two basic shapes, namely the rectangle 
and the ellipse, and at the same time highlighting some other particular shapes being 
researched.   
Comparing square ends and rounded ends 
Yi et al. fabricated 10nm thick permalloy elements with widths of 500-700nm and 
lengths of 2-3.5µm using electron beam lithography and lift-off and found that 
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elements with gently rounded ends consistently switched at lower fields than their 
square ended counterparts.11 The switching field, which was typically a few 10’s of 
Oe, was reduced to 50-70% of the value for the square ended elements. While the 
square ended elements supported “C” or “S” end domains, those with gently curved 
ends tended to support vortex-like structures. In the latter case, a small region exists 
within the element where the magnetization is already aligned with the reversing field, 
enabling the reversal to go ahead at lower field strengths.    
 
Domain structures observations and explanations in squares 
Gomez et al. studied the magnetization reversal process in an array micron of sized 
NiFe patterns using magnetic force microscopy in the presence of external fields.4 
3µm x 3µm 26nm thick islands were prepared by electron beam lithography on 
silicon-based substrates. The patterns are subjected to an external field while MFM 
images are taken concurrently. The initial states at zero field, the four domain closure 
state and the seven domain closure state are shown in fig. 1.4 and fig. 1.5 respectively. 
The external field is gradually increased and the MFM images show the evolution of 
the domain walls.    
 
In fig. 1.4, at 40 Oe, the right domain whose magnetization is parallel to the field 
increases in size at the expense of the left domain. We note that the area of the top and 
bottom triangular domains remains roughly the same since the vortex moves 
gradually to the left but remains at the middle. At this stage, by cycling the field 
within a small field range (under 40 Oe), we establish that the magnetization 
configuration is reversible. However, it becomes irreversible as soon as the left and 
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right domains meet to form a near-180° domain wall. In the next increment, at 92 Oe, 
this domain wall vanished as the unfavorable (left) domain has ceded.  
 
 
Figure 1.4 Evolution of four domain closure pattern of a 3µm x 3µm island as a function of 
applied field. The field was raised monotonically from zero while imaging.1 
 
Next, we consider the seven-domain pattern in fig. 1.5. Interestingly, there exist a 
crosstie inclusion at zero field between the central domain and the right domain. At 62 
Oe, the middle domain is being overrun by the growing domains on both sides. It can 
be noted that the left domain grows faster than the right, which suggest the stabilizing 
effect of the crosstie inclusion against domain motion. At 70 Oe, the image looks like 
a multi-domain structure on top while a single-domain structure below. However, this 
may be due to the fact that the domain switching occurred during the imaging process. 
At 92 Oe, the image shows a near saturation state similar to that in fig. 1.4.  
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Figure 1.5 Evolution of a seven domain closure pattern with crosstie inclusion of 3µm x 3µm 
island as a function of applied field. The inferred pattern is drawn below the images for the zero 
field ~left! and 92 Oe images. The ‘‘dot’’ on the zero field indicates the location of the crosstie 
inclusion on the near 180° wall. 1 
 
Domain structures observations and explanations in ellipses 
In another experiment, Felton et al. observed 1 µm x 2 µm permalloy ellipses of 
thickness 30nm using MFM imaging.5 Two different flux-closure structures are 
identified and were referred to as the chess-board and diamond structure, as shown in 
fig. 1.6. The diamond structure is interpreted as a closed seven-domain structure with 
two vortices and the chess-board structure is interpreted as a two-domain structure 
with one vortex in the centre of the element. This is similar to the domain structures 
configuration displayed by the squares earlier. These observations highlight the 
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Figure 1.6 A zero-field MFM-image of the 1 µm x 2 µm ellipses with inter-elemental distance 
equal to 2 and 1 µm along the long and short axes of the ellipses, respectively. The elements 
exhibit the diamond structure as well as the chess-board structure. In the chess-board structure 
there is indication of a vortex in the middle of the structure with out-of-plane magnetization.2 
 
1.4.3 Aspect ratio 
Ellipses 
C. C. Chang et al. fabricated, using electron beam lithography, permalloy ellipses 
with fixed short axes of 1um, long axes varying from 2 to 10 µm and observed them 
using MFM as shown in fig 2.7.6 The single-domain configuration is observed in the 
elements with an aspect ratio larger than 5 and thickness in the range of 8 to 55 nm.  
A typical vortex state is observed in the ellipses with thickness of 23 nm and aspect 
ratio of 2 and 3. This shows the increasing ease of forming single-domain structures 
with increasing aspect ratio.  
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Figure 1.7 MFM images of elliptical elements with varying aspect ratios from 2 to 10 at the 
remanent state: (a) 23 nm in thickness after saturation to the right and (b) 42 nm in thickness 
after saturation to the left. The schematic diagrams on the left indicate the magnetization 
configurations for clarity.3 
 
In an experiment by Huang et al., permalloy ellipses were also studied3. These 
magnetic cells have a thickness of 30 nm and aspect ratios ranging from 1 to 9. The 
major and minor axes are varied from 0.5 µm to 4.5 µm. MFM images of the 
patterned permalloy array are shown in fig. 1.8. A key observation from the 
experiment is that for small aspect ratios (<6), the magnetic configuration becomes 
multi-domain and a higher magnetic field is needed to reverse its magnetic state. The 
current used in this study for magnetization reversal was roughly 90 mA to produce a 
magnetic field of 62 Oe.  
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Figure 1.8 MFM image of patterned permalloy array with axes ranging from 0.5 µm to 4.5 µm by 
Huang et al.9 
 
Rectangles 
Mei-Feng Lai et al. fabricated rectangles using electron beam lithography and 
deposited using a thermal evaporation system and kept free from external field during 
the process12.  It was found that when the aspect ratio is close to one only one-vortex 
state can exist (fig. 1.9a). When the aspect ratio is larger, the cross-tie state with one 
antivortex core occurs (fig 2.9 b). Upon increasing the aspect ratio, the number of zip-
like patterns in the cross-tie states increases as well. Patterns of the two-vortex and 
three-vortex states are shown in fig. 1.9c and d. This corresponds with the simulation 
results shown in fig. 1.10. 
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Figure 1.9 MFM picture of the array of rectangular Permalloy thin films with thickness 45 nm 
and different aspect ratios. (a) One-vortex state. (b) Cross-tie state with one antivortex core. (c) 
Two-vortex state. (d) Three-vortex state.10 
 
 
Figure 1.10Typical simulation results of magnetization configurations and magnetic pole 
densities: (a) one-vortex state, (b) two-vortex state, (c) three-vortex state, (d) cross-tie state with 
one antivortex core, and (e) cross-tie state with two antivortex cores. The dimensions (width x 
height x thickness) of the elements are 140 nm x 140 nm x 42 nm in (a) and 420 nm x 140 nm x 42 
nm in (b)–(e).10 
 
In an earlier experiment, Gomez et al. also demonstrated the dependence of domain 
configurations on aspect ratios in fig. 1.12.13 The samples having aspect ratio from 1-
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12 were prepared by electron beam lithography and lifted-off. A 26 nm thick layer of 
permalloy was then deposited by thermal evaporation.   
 
Figure 1.11 MFM images of an array of permalloy islands at remanence by Gomez et al..  A 150 Oe 
external field was applied prior to imaging.11 
 
The main difference in this experiment is that an external field of 150 Oe was applied 
prior to imaging. The magnetic elements were observed to exhibit the following 
configurations: 
• four domain closure pattern with four 90˚ walls (i.e vortex state), 
• seven domain closure pattern (i.e. double vortex state), 
• four domain pattern with four 90˚ and one 180˚ wall, 
• four domain wall pattern with cross-tie and Bloch line inclusion along the 
180˚ wall, 
• quasi-single domain with flux closure ends, 
• single domain with unresolved localized end structure, 
• complex multi-domain states.  
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The principle difference observed in the experimental results lies in the fact that for 
high aspect ratios, Gomez’s experiment showed quasi-single domain configuration 
while Lai’s experiment showed cross-tied states. This could mean that structures with 
high aspect ratios would switch easily to single domain configuration easily upon 
magnetization, which corresponds to the case of the ellipses.  
Pacman Elements 
To further verify this, we take a look at an experiment on pacman-shaped elements 
done by Park et al. They proposed two different types of 40 nm thick Pac-man (PM) 
elements namely, PM type I having a dominant bi-domain (vortex) configuration and 
PM type II with a single-domain configuration14. They are shown in fig. 1.12. as 
dotted elements. They discovered that magnetic configuration and switching behavior 
of the PM elements are dependent on the ratio of imaginary inner to outer diameter, 
the ratio of length to width and the film thickness.  
 
Figure 1.12 Diagram of the original PM and elongated PM elements by Park et al. 12 
 
In a later experiment, Park et al. introduced two types of elongated PM elements, 
EPM-I and EPM=II, to further enhance the shape anisotropy of the PM element. They 
discovered that the switching process in PM-I, PM-II, and EPM-I elements was 
through a vortex-driven reversal while the magnetization of an EPM=II element 
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switches through a single-domain reversal. It was also found that a vortex-driven 
switching process for a PM element is a non-reproducible reversal. This implies that 
the shape anisotropy in the elongated shapes enhances the stability of the single-
domain configuration, thus verifying the fact that shapes with high aspect ratios tend 
to form single-domain structures readily.  
  
1.4.4 Rings and Circular disk with voids 
Ring Geometry 
We now look at the various states associated with the ring structure and how a 
variation of the inner diameter of the ring can affect the domain states. The ring 
geometry is interesting because it has well-defined and reproducible remanent states 
and the switching process itself is simple and reproducible. Klaui et al. investigated 
the switching fields of rings with outer diameter 90nm-4µm and width 10-90% of 
diameter and film thickness 2-42nm. 15  The switching in the ring geometry is 
characterized by the onion state, having two head to head domain walls.  
 
Three types of switching, shown in fig. 1.13 were observed:  
1. Single: onion state to the reversed onion state 
2. Double: onion state to vortex state to reversed onion state  
3. Triple: onion state to vortex state to vortex core state then to the reversed 
onion state when the vortex core is pushed out of the ring. 
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Figure 1.13 (a) SEM image of part of an array of NiFe rings (outer diameter D = 110 nm; ring 
width W = 25 nm; film thickness t = 10 nm). (b–d) Micromagnetic simulations of the different 
magnetic states: vortex state (b), onion state (c), vortexcore state (d). The definition of the 
geometrical parameters outer diameter D and ring width W are shown in (b) and the arrows and 
the color wheel in (c) give the magnetization direction. 13 
 
 
Figure 1.14 Phase diagram of the type of switching (single switching: blue squares; double 
switching: red circles; triple switching: green diamonds) for polycrystalline Co rings. (a)The 
diagram is shown from a perspective where the thickness dependence can be easily discerned. 
(b)The diagram is shown from a perspective where the width and outer diameter dependence can 
be easily discerned.13 
 
Klaui et al. presented the switching phase diagram shown in fig. 1.14. It is found that 
the onion to reverse onion switching field values range from 50 Oe in the widest and 
thinnest case to just above 1 kOe for the narrowest and thickest rings. Similarly, the 
vortex to reverse onion switching field ranges from less that 400 Oe to about 2.5 kOe 
for decreasing width and increasing thickness. This shows that by varying the 
geometry, the switching fields can be tailored to a wide range of values spanning 
more than an order of magnitude.  
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Circular disk with voids 
Looking at the ring structure from another perspective, the ring structure can also be 
seen as a circular disk with a circular void. We now take a look at an example, 
keeping in mind that this idea of introducing voids into a solid structure can be 
applied to other shapes.  
 
It has been reported by Vavassori et al. that when a small circular void is introduced 
to a circular permalloy disk at a slightly decentered position, it is possible to 
deterministically set the sense of rotation of the magnetization in the vortex state4. 
This was not the case for disks with concentric void as no preferential rotation have 
been observed. The disks were 1 µm in diameter with a thickness of 25 nm and the 
voids had a nominal diameter of 160 nm and are shown in fig 2.15. The size of the 
void was critical as the voids had to be small enough for this effect to be observed. 
Diffracted magneto-optic Kerr effect (D-MODE) combined with numerical micro-
magnetic simulations was used to determine the magnetization circulation in the 
structures. In both symmetric and asymmetric systems, the reversal takes place via the 
nucleation and annihilation of a magnetic vortex. There is potential application for 
this system in magnetic storage technology using the vortex circulation as the 
information bit. This work has shown that a de-centered void can cause the vortex to 
rotate in a preferred sense. Our work will further explore the effect of voids on 
magnetic structures, focusing on the capsule-shape.  
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Figure 1.15 Scanning electron images of a portion of the two patterns: symmetric rings (upper 
panel) and asymmetric rings (lower panel)4. 
 
1.4.5 Other shapes 
Numerous other shapes are being researched for their domain structure configurations 
and switching characteristics. Hirohata et al. investigated wire junctions16, Machida et 
al. did research on cross-shaped structures17 and Haug et al. looked into T-shaped 
structures18. Here, we will review the research done on wire junctions. 
Wire Junctions 
Mesoscopic permalloy wire junctions constitute another area of immense research. 
These single domain wires are good candidates for creating domain wall trapping 
junctions which can eventually be manipulated to create many possible domain 
configurations. Hirohata et al. have published numerous papers detailing the 
magnetization reversal process in wire junctions which could take the form of crosses, 
networks, H-shapes, rectangular chains and ring chains.14, 19, 20, 21 One study focused 
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on wire-based structures which are 30 nm thick having in-plane dimensions of 1-10 
µm.14 These structures are thermally deposited on a GaAs (100) substrate and their 
magnetization configurations studied using MFM imaging as shown in fig. 1.16. 
 
Figure 1.16 Some examples of wire junctions and their remanent magnetic configuration by 
Hirohata et al.14 
 
They discovered that other than ring chains, most of the wire-based junctions display 
two classes of domain configuration, namely (i) domain wall-like feature due to 
abrupt spin rotation and (ii) a triangle-shape domain forming a flux closure domain 
configuration.  
 
1.4.6 Size and thickness 
While macroscopic magnets possess complex and random domain configurations with 
reproducibility difficulties, mesoscopic magnets, on the contrary, display a few well-
defined domain configurations that evolve into each other.22 Although smaller sizes 
are desired for application in MRAM due to their ability to form single-domain 
structures and their high array packing density, present fabrication techniques limit 
the precision as to how well we can maintain a low characteristics distribution over 
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the array. This, in turn, may give rise to half-select disturb phenomenon and other 
problems.   
 
The thickness of permalloy elements studied for magnetic domain configuration and 
magnetic switching range from 20 nm to 40 nm. Their in-plane dimensions, which are 
much larger than their thickness, are typically in the range of a few µm (0.5 to 10 µm 
for the various structures reviewed). Many experiments have proved that this range 
provides the best samples for studying magnetic domain configurations. 
 
1.4.7 Inter-elemental separation 
Xu et al. studied the magnetization configurations of epitaxial Fe (20 nm)/GaAs (100) 
circular dot arrays with magnetic force microscopy23 . They confirmed that inter-
particle dipolar coupling is negligible when the ratio of the separation to the diameter 
is larger than 1. For future studies of epitaxial permalloy elements fabricated in an 
array configuration, it is imperative to ensure a large enough inter-particle separation. 
 
It is interesting to note the difference between polycrystalline and epitaxial 
ferromagnetic structures. The latter, possessing well-defined magnetocrystalline 
anisotropy is less influenced by defects as compared to polycrystalline structures. 
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1.5 Conclusion and Goal-setting 
 
We reviewed the working principles of MRAM, understanding how the MRAM 
stores information using the MTJ. We also highlighted the challenges facing the 
design of MRAM, which inspired the use of underlying current-carrying conductors 
in the setup of this experiment. After having acquired background knowledge of 
MRAM, we looked at the factors affecting the design of the magnetic element used as 
the free-layer in the MTJ stack. We looked at different geometries and the effects on 
the switching fields and domain structure configurations. On-going research on 
permalloy magnetic structures varied parameters such as shape, aspect ratio, size and 
thickness and used MFM imaging or other imaging techniques to characterize their 
magnetic properties. Finally, we also looked at how another research group uses voids 
to modify the magnetic properties of a circular disk, paving the way for more 
interesting research on the effects of voids on other structures.  
 
1.5.1 Motivation 
Defects in structures have been known to pin magnetic vortices or domain walls. 
Motivated by this phenomenon, we intentionally introduce holes into the structures to 
modify their switching properties. The objective is to achieve a structure with high 
remanent magnetization suitable for information storage applications. An in-depth 
understanding of the reversal process is needed for the purpose of engineering the 
domain configuration by placing the holes at strategic positions on the structure. In 
this work, we shall demonstrate the effectiveness of introducing circular voids or 
holes to a low remanence capsule-shaped 2 µm x 1 µm structure to significantly 
increase the remanent magnetization of the structure. 
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To get a better understanding of the switching properties of the structures, their 
magnetic domain configurations can be visualized using magnetic force microscopy 
(MFM) and simulations of domain states can be done using the Object-Oriented 
Micro-Magnetic Framework (OOMMF),24 a micro-magnetic simulations program. In 
order to observe the domain states during the reversal process, a current application 
experiment can be designed for this purpose. The structures are first saturated to their 
initial saturation state using an external field. Current is passed along the gold 
conductors to generate a local circumference field to switch the domain states. The 
domain image at each step of current application is captured using MFM. The current 
is incremented in steps in order to observe the gradual change of domain states in the 
reversal process. Using this technique, the domain states during reversal can be 
studied. These include the initial and final states, as well as the intermediate states of 
the reversal process. The initial and final states should be of high remanence and 
thought has to be given to design such a structure. 
 
1.5.2 Objectives 
The objectives of this work are: 
1. To fabricate the structures with circular voids on gold conductors. Electron-
beam lithography will be used to offer flexibility of design and precision of 
making the fine structures.  
2. To use a current-carrying conductor to introduce the changes in domain 
configurations. 
3. To investigate the switching properties of the fabricated structures through 
examining the change in domain states during the reversal process by MFM.  
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4. To analyze the effect of holes at different positions and their combinations, as 
well as other factors such as hole size and structure aspect ratio.  
 
Simulation results are compared to the experimental results to obtain a complete 
analysis for each structure. The structures are carefully chosen for the purpose of 
identifying various trends. Table 1.1 below shows the trends being examined and the 
corresponding choice of structures. The reasoning behind the choice of the structures 
will be detailed in their various results chapters. 
 
Table 1.1 Presentation of the structures and their trends being examined 
Trend being 
examined Choice of structures being compared 
Effect of hole 
position 
 
Center hole (D = 200 nm) 
 





2 side holes (D = 200 nm) 
 
3 holes (D = 200 nm) 
Effect of hole 
size 
 
2 side holes (D = 200 nm) 
 
2 side holes (D = 400 nm) 
Effect of 
structure 
aspect ratio  2 side holes (D = 400 nm) 
2 µm x 1 µm 
2 side holes (D = 400 nm) 
4 µm x 1 µm 
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1.5.3 Thesis Organisation 
The thesis is organized into the following chapters: 
• Chapter 2 introduces the fabrication processes such as photolithography, 
electron beam lithography, evaporation and liftoff. A detailed presentation of 
each fabrication step and the parameters used will be given. 
• Chapter 3 states the experimental procedure and presents the characterization 
techniques used. The basic principles and operations of MFM and OOMMF 
are explained.   
• Chapter 4 starts with a review of the structure without voids before carrying 
on to compare the results given by the center hole structure and the side hole 
structure, and give an analysis of the effect of hole position. 
• Chapter 5 analyzes the effect of the number of holes using the 2 holes 
structure and 3 holes structure.  
• Chapter 6 compares two different hole sizes using the 2 holes structure, as 
well as two different structure aspect ratios, 4 : 1 and 2 : 1.  
• Chapter 7 summarizes the current work as well as presents recommendations 
for future work. 
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Chapter 2  
Device Fabrication 
     
2.1 Overview 
This chapter provides a description and explanation of the fabrication process in detail. 
The process is complex and thus requires repeated experimentation of parameters, 
such as doing dose tests by varying exposure time, to achieve ideal samples needed 
for characterization. Fabrication of good samples is critical to the success of the 
experiment as a whole.   
 
Fig. 2.1 shows the device used in the experiment. The device consists of two separate 
layers fabricated on top of an undoped silicon (100) wafer. The first layer is made up 
of patterned gold conductors while the second layer consists of an array of magnetic 
structures. In the experiment, a current will be passed along the gold conductor in 
order to generate a magnetic field that will serve to switch the domain states of the 
magnetic structures. Using such a setup, we can observe the domain evolution of the 
structures as will be explained in the next chapter.  
 
To fabricate the sample, I-shaped conductors were patterned on the wafer substrate by 
means of photolithography. The channel of the conductors measures 700 µm in length 
and 50 µm in width. The two squares, 400 µm by 400 µm, on the two ends of the 
channel serve as contact pads for the wire-bonding of Gold wires that connect the 
device to the chip carrier. Thermal evaporation of 10/150-nm of Cr/Au was 
subsequently carried out followed by a lift-off process in an acetone bath. The 
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additional thin layer of Cr serves as an adhesive layer between the silicon wafer 
substrate and Au.  
 
 
Figure 2.1 Schematics of the experimental setup 
 
The second layer was fabricated using electron beam lithography (EBL) to achieve a 
good resolution. A 40 nm layer of permalloy (NiFe) was then deposited on the sample 
by evaporation and then lifted-off in an acetone bath.  
 
In the following sections of this chapter, we examine in closer detail the key 
fabrication steps, the problems encountered and how they were solved. 
 
2.2 Fabrication Process 
The fabrication is a complex process involving many different stages as shown in fig. 
2.2. After the wafers were diced and cleaned, two separate lithography steps were 
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taken to produce the two layers, namely the gold conductor layer and the permalloy 
structures layer. Detailed description of each fabrication procedure will be discussed 
in the following sections. 
 
Figure 2.2 Graphical illustration of the fabrication procedure. 
 
2.2.1 Wafer Dicing and Cleaning 
Circular 3-inch undoped silicon wafers were diced into 10mm x 10mm squares. The 
10 mm x 10 mm silicon samples were then used as substrate to pattern the conductors 
and the permalloy structures. This dimension allows 9 I-conductors to be fabricated 
onto the sample along with the L-shaped alignment marks. Details of the 
photolithography process are discussed in the next section. 
 
After dicing, the silicon samples will have to be cleaned thoroughly to remove any 
contaminants that will affect the fabrication process. Particles and contaminants will 
Chapter 2: Device Fabrication 
 
 28
cause problems such as poor adhesion and pinholes formation, degrading the quality 
of the sample. Subsequent fabrication steps will also be affected resulting in poor 
resolution. Therefore, proper cleaning of the wafer must be done to achieve 
consistency in resolution.  
 
The wafer cleaning process is done in 3 steps. The first step is to dice the samples and 
soak them in a beaker of acetone for 10 minutes and subjected to ultrasonic agitation 
at a high temperature. This removes the organic contaminants on the substrate. In the 
second step, the samples are then transferred into a beaker of iso-propanol and again 
subjected to ultrasonic agitation for another 10 minutes. This step removes the 
acetone and the remnants of the organic contaminants.  Lastly, the samples are 
cleaned with deionized water for 10 minutes and also placed in the ultrasonic bath. 
This removes inorganic substances that may be present. The sample is then blown 
dried using nitrogen gas 
 
After the cleaning process, the sample is removed of its moisture by baking it at a 
temperature of 90 degrees Celsius for 10 minutes. If not removed, the moisture may 
cause poor surface adhesion. 
 
2.2.2 Photolithography Process for Gold conductors 
Photolithography is a technique which transfers patterns from a mask onto the silicon 
wafer samples. Photoresist, which is sensitive to light, is coated onto the substrate. 
When exposed to UV light, the photoresist either becomes soluble (positive resist) or 
insoluble (negative resist) to the developing solution. When UV light is shone onto 
the sample coated with photoresist, the mask blocks out the undesired portions of the 
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pattern from being exposed. After development, the remaining photoresist covers the 
portions whereby we do not want to deposit material, thus acting as a “mask” for the 
deposition process and achieving this transfer of pattern from the mask to the 
substrate. Positive photoresist (irradiated regions become soluble) is preferred over 
negative photoresist due to its higher resolution.  
 
Spin-coating 
The first step to photolithography is to coat the sample with a layer of photoresist . 
Positive photo resist, PFI, manufactured by Sumitomo Chemical Co., Ltd. was 
dispensed onto the surface using a small plastic pipette.1 The full product name of the 
resist is Sumiresist PFI-D81.  The components of PFI includes Methyl amyl ketone 
(2-Heptanone) (66-72%), Novolac resin deriavatives (19-24%), Photoactive 
compounds (7-10%) and Dye (1%).   
 
In order to achieve a even and uniform layer of photoresist, care has to be taken to 
avoid bubbles forming while dispensing the photoresist using a pipette. Such bubbles 
could cause pinhole formation on the spin-coated surface and result in lower surface 
adhesion and resolution. The sample was then spun at 6000 rpm for 30 seconds to 
obtain a uniform layer of photoresist of approximately 1.0 µm in thickness. Due to the 
centrifugal force of the rotation, there is more photoresist collected at the edges and 
corners of the samples. This thicker portion of the photoresist layer may result in poor 
pattern definition. We can avoid this problem by placing the desired pattern in the 
middle of the sample. 
 




The photoresist-coated samples were then baked in the oven at a temperature of 90 
degrees Celsius for 30 minutes. This step dries off most of the solvent in the resist, 




After the resist-coated sample is prepared, the next step is the exposure step which is 
essentially the actual transfer of the patterns from the mask onto the sample. In the 
laboratory, we use the Karl SUSS MA6 Mask Aligner System (MA6) for 
photolithography. 2  It is capable of processing up to 6-inch wafers and can be 
configured to house chucks and mask holders of various sizes. The system is placed 
on a Newport Vibration Isolation Table, which cushions external disturbances such as 
floor vibrations. 
 
Before the actual exposure, the Mercury lamp of the MA6 was tested for its intensity 
to determine the exposure time required for proper pattern transfer. The samples were 
subsequently placed on the wafer stage of the MA6 using an appropriate chuck to 
hold the 10 mm x 10 mm sample while the photo mask which contains the patterns 
was loaded in the mask holder. Both the chuck and the mask holder uses vacuum to 
secure the sample or photo mask in position. Using the optical microscope of the 
system, the desired patterns of the mask were aligned on top of the wafer sample. 
Proper alignment is required as this is the first lithography step meaning that the 
alignment marks from this step will be used in the second lithography process. The 
desired pattern from the mask is shown in fig. 2.3. Each 10 mm x 10 mm wafer can be 
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used to fabricate 9 I-conductors. The blue mark indicates the alignment mark for the 
corner while the red spots indicate the two register marks. These points are used for 




Figure 2.3 Desired patterns of I-conductors on the mask. 
 
To complete the process, the samples were exposed to UV light from the mercury 
lamp source using the optical printing method chosen and the exposure time set. 
These are the two key parameters of the exposure step, which has to be specified 
before exposure. 
 
Different optical printing methods such as soft contact printing, hard contact printing 
and vacuum printing are available on the MA6 system. Although soft contact reduces 
mask-sample contact, it aggravates diffraction effects of the UV light. Vacuum 
printing reduces diffraction effects of patterning but degrades pattern quality due to 
close contact. Hence, hard contact was chosen as the method of optical printing.  
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The exposure time is also vital in determining the quality of patterns. Over-exposure 
results in patterns bigger than the actual patterns on the photo-mask. To calculate the 
exposure time needed, we use to following equation: 
Lamp Intensity (W/m2) x Exposure Time (s) = Exposure energy (J/ m2) 
We found that the required dose of exposure is at 120 J/m2 and the intensity of the 
lamp was obtained while doing lamp test of the mercury lamp. The obtained exposure 
time is near to 20s. As the patterns are relatively big, variation of exposure time does 
not affect the quality of the patterns much. This might not be the case for patterns 
nearing the system resolution limit of 1.5 µm. 
 
Development 
After the exposure, the sample was soaked in AZ 300MIF Developer to dissolve the 
irradiated regions, thereby defining the conductor pattern [1]. Manufactured by 
Clariant (Japan) K.K., the AZ 300 MIF Developer is an organic aqueous alkaline 
developer based on TMAH (contains 2.38% of (CH3)4NOH in H20). 
 
To produce controllable line widths, routine experiments need to be performed to 
adjust developer concentration and developing time. In order to reduce the criticality 
of having a precise human-controlled developing time, the development solution from 
the bottle is diluted with de-ionized water in the ratio of 3 parts developer to 1 part 
water. After testing with numerous samples, it has been deduced that the optimal 
developing time for conductor patterns is 40s.  
 
The patterns were then viewed under the optical microscope and checked to ensure   
that the conductor patterns were correctly transferred onto the samples. 




2.2.3 Thermal Evaporation and Lift-off Process of Gold 
 
Thermal Evaporation 
With the resist successfully patterned onto the substrate, the next step is to deposit 
material onto the exposed parts of the sample. Common materials used in conductors 
used in devices include Al and Au. However, initial results showed that Al does not 
remain chemically inert in the developer solution and is etched away, thereby creating 
deep trenches and pot-holes in the Al conductors. As a result, Au was chosen as the 
material for the patterned conductors. 
 
The evaporator system used is the Edwards AUTO 306 Vacuum Coater. It is a 
thermal evaporator. Au, with a relatively low melting point is evaporated thermally. 
We also require a thin layer (10 nm) of Cr to act as an adhesive later between the Au 
and the Si substrate to prevent the Au from flaking off during wire-bonding.  
 
In the actual evaporation process, 10 nm of Cr was evaporated followed by 150 nm of 
Au. A piezzo-electric crystal act as a rate sensor to calculate the rate of evaporation as 
well as the thickness deposited. A high vacuum is required for a good thin film 
deposition. To achieve high surface uniformity, a working pressure of 3.4 x 10-6 mBar, 
corresponding to about 1 hour of pumping down, is necessary. In addition, a slow rate 
of deposition is also essential for high quality film. To achieve this, a slow and stable 
rate of around 1.2 Å/s for Au (0.5 Å/s for Cr) was used. 
 
Lift-off 
Chapter 2: Device Fabrication 
 
 34
After the sample is deposited with material, the undesired potions have to be removed 
using the lift-off technique. Essentially, it involves soaking the deposited sample in 
Acetone to dissolve photoresist and along with the undesired material attached to its 
surface.  
 
Depending on the thickness, rate of deposition and lithography, the time for lift-off 
may vary for each fabricated sample. A film thickness of 200 nm is considered thick 
and may require a longer period of time for Acetone to penetrate to the photoresist 
layer. It was found that a minimum of 24 hours is necessary to effectively dissolve the 
non-irradiated regions. Care must also be taken to ensure that sample remains wet and 
soaked in Acetone throughout the lift-off process (the acetone must not dry off before 
the lift-off is complete), otherwise the sample may be irreversibly damaged. To check 
the status of lift-off, the samples are transferred onto a Petri dish containing Acetone 
and observed using an optical microscope. 
 
If the lift-off is not well done, certain regions of the sample may still be covered with 
resist or there will be the crowning effect at the edges of the deposited material. To 
remove the remaining photoresist, a plastic pipette can be used to blow air bubbles 
onto the sample still soaked in acetone. When bubbling, care must be taken in order 
not to damage the sample. Another method to resolve this is to apply ultrasonic 
agitation to the sample. The power has to be at a low level and this is not an advisable 
method as it has the potential to flake off the layers of deposited material if the 
adhesion is not ideal.  
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Following the completion of lift-off, the samples are transferred into another beaker 
containing iso-proponal (to remove the acetone) and blown dry. This is similar to the 
wafer cleaning process to remove any contaminants that might have gotten stuck on 
the sample during lift-off. The sample is now ready for the fabrication of the next 
layer. 
 
2.2.4 Second Layer Electron Beam Lithography (EBL) Process  
 
The second layer involves writing the array of magnetic structures on the channel of 
Au conductors. Electron Beam Lithography (EBL) process is chosen as it provides the 
high resolution required for patterning structures as well as the flexibility of writing 
patterns without a mask. In the laboratory, the system used is the Elionix EBL system.  
A system consists of the following parts: an electron gun or electron source that 
supplies the electrons, an electron column that 'shapes' and focuses the electron beam, 
a mechanical stage that positions the wafer under the electron beam, a wafer handling 
system that automatically feeds wafers to the system and unloads them after 
processing; and a computer system that controls the equipment. 
 
Spin-coating and baking (PMMA) 
The first step is to spin-coat a layer of Poly methyl methacrylate (PMMA) resist onto 
the sample. PMMA from the bottle is diluted with anisole to obtain the required 
thickness of the resist. The spin-coating was done at 6000 rpm for a duration of 40s 
and ramped up at 1500 rpm/s.  
 
In order to achieve a good lift-off and minimize the crowning effect in the patterned 
structures, a bi-layer formula was used. As shown in fig. 2.4, the bottom layer is 80 
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nm of PMMA 950 and the second layer is 40 nm of PMMA 495, resulting in a total 
thickness of 120 nm. The rationale of using bi-layer is because PMMA 950 dissolves 
at a faster rate than PMMA 495 in the development solution and thus forms an 
undercutting in the resist profile. This reduces the crowning effect, as the evaporated 
material does not accumulate at the sidewalls of the resist.  
 
 
Figure 2.4 Schematics of bi-layer PMMA 950/495 
 
The thickness of the resist is important and has to be kept constant as the e-beam 
dosage required for different resist thickness will vary. Some resist tend to get stuck 
on the back of the silicon substrate after spin-coating. This is removed by cleaning the 
back surface with a cloth dipped in acetone. This prevents unevenness during the 
writing process. The sample is then baked at 180 degree Celsius for a duration of 90s 
to dry the solvent in the resist and anneal the stress caused during the spin-coating 
process.  
 
Design of the patterns 
 
The required patterns contain holes in the design and this pose a difficulty as normal 
full shapes cannot be used for the design. In order to achieve this complex design, the 
shape is drawn using lines to fill up the body of the desired shape as illustrated in fig. 
2.5. The lines are spaced at 0.01 µm from each other and the design process was 
carried out in AutoCAD before converting it to the CEL file used by the EBL system. 
During the exposure, the pattern will be over-exposed in order for the exposed width 
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of each line to just over-lap onto the next line. The exposure dosage will have to be 
optimized for the correct pattern to be formed. 
 
 
Figure 2.5 Schematics of the design technique using lines.  Not drawn to scale. 
 
Dose Test 
Before the actual writing of the patterns, a dose test, which involves the writing of the 
desired patterns but with varying dosage of exposure, has to be done on a separate 
sample. The parameter varied is the dose time. This has to be done each time a 
different pattern, including different sizes of the same pattern, a different resist 
thickness or different beam current is used. A bigger current meant shorter writing 
time and thus the beam current of 50 pA was chosen for faster writing without 
compromising the resolution achieved.  The chip size chosen was 75 µm, the smallest 
available, and the dots/cm2 was 240000, the maximum, so as to maximize the 
resolution. Dose time was varied from 0.1 µs to 1 µs in steps of 0.1 µs. The result is 
tabulated in the table 2.1. 
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Table 2.1: Dose Trials 
Dose Time (µs) Outcome 
0.1 Under-exposed 
0.2 Under-exposed 
0.3 Slightly under-exposed 
0.4 Correct 







Therefore, the dose time of 0.4 µs was chosen for the fabrication. The resulting resist 
dose was 20480 µC/cm2. The fabricated samples are checked for their dimensions 
using the atomic force microscope (AFM). The AFM image shown in fig. 2.6 shows 
the sample with the correct dosage. Under-exposed samples do not appear at all or are 
smaller than expected. Over-exposed samples have their holes filled up with material 
or are over-sized. 
 




Figure 2.6 AFM image of 2 µm x 1 µm structure with 2 holes of diameter 400 nm. 
 
It has to be noted that the dose trial was carried out on a silicon substrate coated with 
gold. This is because the material underneath the resist layer will have an effect on the 
back scattering of the electrons and thus will affect the dose of the electrons on the 
resist.   
 
Writing 
Before the actual writing process, the electron beam has to be focused by means of 
focusing on a layer of gold atoms at the reference position. The resist cannot come 
into contact with the e-beam other than during the process of writing else they will be 
irradiated. This is achieved by using a blanking system on the e-beam during stage 
movement. For writing of a second layer device, the alignment marks from the first 
layer will be used to ensure alignment of the patterns. The position of the corner of 
the substrate and two other register-marks as well as the focused height at a known 
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point of the substrate will have to be specified in order for the system to do a field 
correction before the actual writing process. This ensures that the system aligns the 
substrate properly and thus achieving a high resolution. After the writing, the loading 
chamber is vent and the sample is unloaded, ready for development.  
 
Development 
 The developer used is a solution of 1 part MIBK to 3 parts iso-propanol. To achieve a 
high resolution, the developer is cooled to a temperature of 20.5 degree Celsius in a 
water bath. The duration for the development is 40s, after which, the sample is 
transferred into a beaker of iso-propanol to wash away the developer and stop the 
development process. The sample is then checked under an optical microscope. If the 
patterns are too small to be observed using optically, atomic force microscopy can be 
used. The sample is now ready for deposition. 
 
Deposition of Permalloy 
The next step of fabrication is to deposit material onto the patterned created using e-
beam lithography. Physical vapour deposition techniques are required to deposit 
Permalloy material. Two techniques, namely evaporation and sputtering, can perform 
the task. Both techniques possess its advantages and weaknesses. Evaporation is more 
time-consuming due to pumping down of the chamber while sputtering offers a 
separate load-chamber for quicker loading. However, sputtered samples have a more 
severe crowning effect, as sputtering is a highly energetic technique. The bulk film 
hysteresis loop of the sputtered and evaporated samples are similar, therefore there are 
no significant differences in their magnetic properties.  In this work, we have chosen 
to use the evaporation method to avoid the severe crowning effect.  
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After evaporation, the samples were soaked overnight in acetone to remove the 
unexposed photo-resist and subsequently in iso-propanol to remove the remaining 
acetone.  The samples were then blown dry using nitrogen gas and are now ready for 
characterization.  
 
2.3 Wire Bonding  
In order to apply current to the Au conductors, the device needs to be mounted on a 
20-pin chip carrier and connected to the pins using gold wires. The sample is mounted 
using carbon tape and not silver paste as the unevenness sometimes created by using 
silver paste affects the imaging using the magnetic-force microscopy later on. A wire-
bonder bonds one end of the gold wires onto the contact pads of the device and the 
other end to the chip carrier, thus connecting them. 
 
2.4 Conclusion 
In this chapter, the fabrication procedure of the device has been described and 
explained in detail. Techniques such as photolithography, electron beam lithography 
and evaporation were presented and explained. We have also highlighted the key 
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Chapter 3  
 
Experimental Procedures and Characterization Techniques 
 
3.1 Overview 
In this chapter, the characterization techniques as well as the experimental procedures 
will be presented as a prelude before looking at the results in the next chapter. We 
first take a look at how the current application experiment is conducted before 
introducing the equipment used for characterization, the magnetic force microscope 
(MFM), including the principles employed and the parameters used. The simulation 
program, Object Oriented Micro-magnetic Framework (OOMMF) will also be 
presented and explained. Finally, we do a calculation of the magnetic field generated 
by the current-carrying conductors.  
  
3.2 Current application experiment 
The main experiment in this work is the current application experiment. We make use 
of the samples with the I-conductors fabricated as the first layer and the permalloy 
structures fabricated as the second layer on top of the conductors. The conductors are 
used to generate a magnetic field by passing a current through it as shown in fig. 3.1.  




Figure 3.1 Schematics of the current application. 
 
The first step of this experiment is to saturate the permalloy structure along the easy 
axis of magnetization, which is the long axis, by using an external applied field of 
2000 Oe using electromagnets. After the removal of the field, the structures are 
scanned using MFM and images showing their domain states are obtained.  
 
We then start the current application proper. First, we pass a small current of 100 mA 
for duration of 1 second through the I-conductors using the Agilent E3640A DC 
Power Supply in constant current mode. After which, magnetic force microscope 
(MFM) was used to observe the domain states of the array of structures. The current 
value is then stepped up by 100 mA and current application followed by MFM 
imaging is repeated up to a maximum current value of 900 mA. In this way, we could 
trace the evolution of the domain structures with increasing value of current 
application.  
 
The maximum current value is capped at 900 mA as current values above this would 
damage the sample. Even at 900 mA, some of the samples experienced sample 
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deterioration evident in their MFM scans. The intact Au wire signifies that the 
temperature would not have surpassed 450K,1 and thus the effects of oxidation of 
permalloy would be negligible as the rate of oxidation is low. 2 This implies that the 
most likely cause of the deterioration in this case is electro-migration effects.     
 
The choice of easy axis, and not hard axis, is because saturating in the hard axis does 
not give rise to any high remanence states for any of the holed structure proposed, 
only flux closure states with low magnetization are found as remanent states in the 
simulations. Furthermore, a very high field that exceeds the bounds of the current 
values available is required for reversal to the opposite configuration of the flux 
closure state. The high remanence states only occur in the easy axis saturation and 
thus only the easy axis is investigated.  
  
3.3 Micro-magnetic Simulation (OOMMF) 
Object Oriented Micro-magnetic Framework (OOMMF) simulation allows us to 
obtain a simulated hysteresis loop as well as observe step by step the transition of the 
domain states as the applied field is varied.3 It also allows us to simulate the relaxed 
state from any point along the hysteresis loop. In this section, we present the working 
principle of OOMMF and the parameters employed in our simulation. 
 
The OOMMF project was launched by Mike Donahue and Don Porter at the 
Mathematical and Computational Sciences Division of the Information Technology 
Laboratory (ITL) at the National Institute of Standards and Technology (NIST) in the 
United States of America. It employs a Landau-Lifshitz differential equation solver to 
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relax 3D spins on a 2D mesh of square cells, using fast fourier transform to compute 











 M is the point-wise magnetization (A/m), 
 Heff is the point-wise effective field (A/m), 
 γ  is the Landau-Lifshitz gyromagnetic ratio (m/(A.s)), 
 α  is the damping coefficient (dimensionless). 
The point-wise method of calculation allows of anisotropy, applied field, and initial 
magnetization allows arbitrarily shaped elements to be modeled. The OOMMF 
software predicts domain configuration in thin films by calculating the various 
energies in a ferromagnetic body. To determine the actual domain configuration of the 
structure, OOMMF compare the total energies of various configurations and choose 
the one that minimizes this energy as applied field is varied. Using this method, 
structures of various shapes and sizes can be determined. 
 
Users of OOMMF can choose to run the program using the user interface as shown in 
fig. 3.2 or running from a command prompt using the batchsolve command. The user 
interface allows the user to key in the parameters easily using the module 
“mmProbEd” as well as displays the domain configurations easily using “mmDisp” 
while the batchsolve command allows users to queue the simulation jobs on a server 
that may be Linux based. Queuing the simulation jobs on a server allows faster 
computational speeds as obtaining accurate results in OOMMF require reducing the 
cellsize, which will proportionately increase the computational time.  
 




Figure 3.2 The main user interface of OOMMF 
 
To indicate to the solver the shape of the structure in OOMMF, a mask in the form of 
a bit-map file is used as shown in fig. 3.3.  The black region represents the structure. 
Note that holes are in white to represent an empty region. Using this input method, 
any arbitrary shape can be drawn. In the work, the mask was created using AutoCad 
and converted to bit-map for high precision.  
 
 
Figure 3.3 An example of the bit-map mask used in OOMMF. 
 
For the simulation, the applied field range was varied from -1T to 1T or –10000 Oe to 
10000 Oe. The step size used was different for various ranges and more steps were 
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taken in the regions around zero field where the most changes in magnetization 
occurred. From -1T to -0.1T and 0.1T to 1T, 20 steps were taken. From -0.1T to -
0.01T and 0.01T to 0.1T, 50 steps were taken. Between -0.01T and 0.01T, 200 steps 
were taken to increase the precision in this region. As for the cell size, the smaller cell 
size meant better precision but also longer computational time. A balance has to be 
struck while choosing it. The cell size used was 10 nm, which is ¼ of the thickness of 
the structure. The computational time required for a full hysteresis loop was around 4 
days for each structure. 
 
Using OOMMF, we were able to obtain the hysteresis loop of the structure as well as 
the field-influenced domain configuration (in-situ state) at every step of the 
simulation. To get the relaxed domain states, certain critical points on the hysteresis 
loop after a kink or a jump in magnetization were chosen to be relaxed. Relaxation 
meant running the simulation from that point (or using it as the initial magnetization 
state) to zero field in one simulation step. The energy values of the remanent magnetic 
domain states were also extracted from the simulations. For each set of results, the 
simulated domain states at critical points will be presented in a table format with the 
in-situ state and the corresponding relaxed state placed side-by-side for easy 
comparison. The energy values of the relaxed states will also be indicated to give a 
sense of their relative stability.  
 
A typical domain state simulated by OOMMF is indicated in the fig. 3.4. A color 
scheme is used to indicate the direction of the moments. Moments pointing right are 
indicated with red arrows and moments pointing left are indicated with blue arrows, 
both with white background. Moments pointing up and down are indicated using 
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black arrows, and they have red and blue backgrounds respectively. Domain walls are 
indicated by the sudden change in color shades, which represents sudden abrupt 
direction changes of neighboring moments. Vortices are indicated both by color 
changes and arrows going in a circle. 
 
 
Figure 3.4 An example of a simulated domain state shown in OOMMF. 
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3.4 Magnetic Force Microscopy (MFM) 
In order to capture an image of the domain configuration of a fabricated sample, the 
Magnetic Force Microscopy (MFM) was used. The images captured by the MFM 
have bright and dark regions to indicate changes in magnetization of the samples. A 
domain wall, which is a sudden rotation of moments, is shown on the image by a 
fringe between bright and dark regions.  
 
The MFM belongs to the family of Scanning Probe Microscopy (SPM). In this 
technique, a probe attached to a cantilever is used to interact with a sample and 
scanned across the surface of the sample to derive the variable desired. Different types 
of tips are used with different modes of SPM to obtain different characteristic of the 
sample. In the laboratory, we use the Digital Instruments Dimension 3100 Model, 
which allows us to use the Atomic Force Microscopy (AFM) mode and the Magnetic 
Force Microscopy (MFM) mode.4 
 
The most basic form of the SPM is the Atomic Force Microscopy (AFM) mode. In 
this mode, the surface profile (topography) of the sample is measured. The tapping 
mode of the AFM works by oscillating the cantilever at a frequency near to the 
resonant frequency as shown in fig. 3.5. The interaction between the surface of the 
sample and the probe attached to the end of the cantilever will affect the amplitude of 
the oscillation typically around 20 nm to 100 nm. A feedback loop system works 
together with a laser detector that senses a reflected laser beam from the cantilever so 
as to adjust the tapping height of the cantilever using a piezo crystal. This height 
information is collected and mapped out to form the topography.  




Figure 3.5 Tapping cantilever in free air (Dimension 3100 .Manual Pg. 10-2)2 
 
The MFM mode uses a probe tip coated with magnetic material that will measure the 
magnetic force gradient of sample. The MFM is done in two steps. For each line, the 
topography information is captured using AFM tapping mode. Then, the probe is 
rescanned at a height following this topography to obtain the magnetic force gradient 
information. The second scan, which follows the topography, removes the topography 
information from the MFM image. The scan height used is 25 nm, which is 
considered close to the sample. A lower height translate into a higher sensitivity scan, 
however, care have to be taken to prevent the probe from hitting the sample.  
 
Two different tips were used in this work. For the 2 µm x 1 µm samples, the low 
moment tip was used and for the last sample which is 4 µm x 1 µm, the standard 
moment tip is used. Low moment tips reduce the tip to sample interaction and are 
better suited for imaging complex domain states that are easily disturbed by stray 
fields from the environment, such as the MFM probe tip. Fig. 3.6 shows an example 
of tip interaction changing the complex multi-domain state into a simple cross-tie 
state. The 2 µm x 1 µm structures have a low aspect ratio and thus have a high 
tendency to form the flux closure state. The high remanence state of this structure is 
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therefore unstable and is easily changed to a flux closure state by tip interaction if a 
standard tip is used. Standard tip has more interaction with the sample and thus will 
get more signal strength and produce images of better contrast, but the downside is 
that it will interact with the samples if the states they formed are non-closure states. 
The choice of tips therefore is a balance of between better contrast and lower tip 
interaction. Therefore, for the 4 µm x 1 µm structure, which has a high enough aspect 
ratio to support the high remanence state, the standard moment tip is used. Using this 
technique, we were able to observe the domain states of the permalloy structures after 
every step in the current application. 





Figure 3.6 MFM tip interaction in 6 µm x 3 µm structures. The top image shows tip interaction 
process in the structure at row 4, column 2. The second image shows the MFM image after 2 
successive scans. 
Chapter 3: Experimental Procedures and Characterization Techniques  
 
 54
3.5 Calculation of magnetic field across the conductor 
To have a better grasp of the value of the magnetic field strength experienced by the 
magnetic structures, the magnetic field strength across the conductor was calculated 
using the theoretical equation as well as simulated using Finite Element Method 
Magnetics (FEMM) 5 , 6  simulation. Table 3.1 shows a comparison of these two 
methods at each step of applied current value.  
 
The theoretical equation assumes that the conductor is an infinitely long sheet. 
Furthermore, it also assumes that the sheet is of infinite width, as 40 nm height of the 
structures is much smaller than the 50 µm width of the conductor. Using these 
assumptions, the magnetic field at the surface of this sheet of current is: 
     
2
0KB µ=  
where   B = magnetic field strength, 
   µ0 = permeability constant = 4pi×10−7 T·m/A 
K = linear current density (A/m) 













Due to the assumption that the conductor has an infinite width, the magnetic field 
generated does not depend on the distance of the point of measurement to the 
conductor.  The calculated values are shown in table 3.1.  
 
As for the simulation, Finite Element Method Magnetics (FEMM) simulation is 
capable of solving low frequency 2D and axisymmetric magnetic problems using 
numerical calculations of Maxwell equations [3-4]. It forms triangular meshes and 
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uses it as a framework to apply the finite element method to determine the field 
strength in each triangle. A triangle size of 100 nm was used. A smaller size could not 
be used due to memory limitations. The resultant field is displayed in fig. 3.7. 
Reading off the legend, the area directly above the center of the wire where the 
permalloy structures will be placed correspond to the 1.110 to 1.246 mT band. The 
respective field values for each current step shown in Table 3.1 are calculated based 
on the mid-point of this band.     
 
 
Figure 3.7 FEMM simulations of a 50 µm wide, 150nm thick Au conductor 
 
 




Table 3.1 Calculations of magnetic field strengths (50 µm Au conductor) 
Applied Current (mA) 
FEMM Generated Field 
Value (Oe) 
Theoretically 
Calculated Field Value 
(Oe) 
0 0 0 
100 11.78 12.6 
200 23.56 25.13 
300 35.34 37.70 
400 47.12 50.27 
500 58.9 62.84 
600 70.68 75.40 
700 82.46 87.97 
800 94.24 100.54 
900 106.02 113.10 
 
 
The FEMM simulation generates a range of values.  The value indicated in the table is 
the mid-point of that range. FEMM values are slightly smaller than the theoretical 
values but slight differences are within expectations. These values provide an 
indication of the field strength produced by the current but may vary from the actual 
field value. 
 
3.6 Conclusion  
We have seen in this chapter the various techniques of characterization that we will be 
using in this project. The experimental procedure of the current application 
experiment is also outlined. In addition, the magnetic field generate by the conductor 
has also been estimated in this chapter. In the next two chapters, the results of the 
experiments will be presented.  
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Effect of hole position 
 
 
4.1 Design of the experiment 
In order to understand the motivation of introducing voids to the structure, we start 
with a review of the capsule-shaped structure without voids. The hysteresis loop of 
the structure in fig. 4.1 indicates that its remanent magnetization is low at 4% and its 






-400 -200 0 200 400
Hysteresis loop of 2 um x 1 um structure (no holes)
Field (Oe)
 
Figure 4.1 OOMMF simulation hysteresis loop of 2 µm x 1 µm structure (no hole) 
 
Chapter 4: Effect of hole position 
 
 59
The low remanence and coercivity values are attributed to the low shape anisotropy of 
the structure. The low shape anisotropy of the structure stems from its low aspect ratio 
of 2:1. When the structure relaxes from saturation, the demagnetization energy 
competes with the exchange energy to determine the remanent domain configuration 
of the structure. The large demagnetization energy has to be minimized for a more 
stable remanent state, resulting in a flux-closure domain state at remanence. This 
structure is therefore not suitable for conventional information storage applications 
where a high remanence state is required, making it a suitable candidate for an 
experiment with the objective of determining whether the addition of voids at 
strategic positions can cause significant changes to the domain configuration at 
remanence and increase the remanent magnetization of the structure.  
 
A detailed understanding of the reversal process of the structure is required to allow 
engineering of the domain configuration. The reversal process is simulated using 
Object-oriented Micro-magnetic Framework (OOMMF) and the domain 
configurations at various significant field values are shown in table 4.1. For each row 
of the table, the left domain image shows the domain state under the applied field (in-
situ) and the right domain image is the resultant state after relaxation to zero field 
value using the left domain image as the initial state. By comparing the changes in the 
relaxed states, one can identify whether the structure has switched to the reversed 
state and thus show whether magnetization reversal has taken place.  
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Table 4.1 OOMMF simulation domain states of 2 µm x 1 µm structure (no hole) 
Field 

























For the structure without voids, we find that the reversal process takes place through 
the nucleation, displacement and annihilation of vortices. As the field is swept, just 
before the jump at –55 Oe, nucleation of two vortices at opposite ends of the structure 
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is observed. The vortices set in from the bottom left and the top right positions of the 
structure.  At –54 Oe, there is sudden decrease of magnetization of the –x direction 
due to the formation of a slanted diamond-shaped central domain by the joining up of 
the upward moments of the two vortices. The vortices are now located at the left and 
right corners of the diamond domain. From –54 Oe to 0 Oe, the vortices move 
towards the ¼ and the ¾ position of the long axis. At 0 Oe, the diamond-shaped 
domain is no longer slanted and this flux closure state accounts for the low remanent 
magnetization value. The displacement of the vortices continues and at 154 Oe, we 
see that the vortices are already at the top left and bottom right edge positions and the 
central diamond domain is no longer present. This displacement of the vortices 
corresponds to an increase in the magnetization of the structure in the +x direction. As 
the field value gets higher, there comes a point where the structure is fully saturated 
with the vortices totally expelled.  
 
The path of the left vortex is from the bottom left to the top left, passing the ¼ 
position of the long central axis. Similarly the path of the right vortex is from the top 
right position to the bottom right position. Only when the vortices gets close enough 
to each other can the joining up of the upward moments occur to form the diamond 
flux closure state. In order to prevent this and thus retain high remanent 
magnetization, the vortices should be prevented from getting close to each other. In 
longer structures with high aspect ratio, it is seen that a high remanence state, a state 
with high remanent magnetization due to the alignment of the moments along the 
easy-axis (long axis) is possible at remanence. This state is not a single domain state 
as there are vortices formed at the round ends that slightly reduce the magnetization, 
but the overall magnetization is still high and is thus called the high remanence state. 
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It may be possible to form such a state in the low aspect ratio structure if the vortices 
could be kept separated. It is known that voids can be used to pin domain walls or 
vortices and thus the introduction of voids into this structure may help to prevent the 
formation of the flux closure state. Intuitively, a hole at the ¼ position would block 
the left vortex and a hole at the ¾ position would block the right vortex. The central 
position may also cause disruption to the formation of diamond-shaped domain. It is 
therefore that the ¼ position, the central position and the ¾ position are chosen as the 
locations for the introduction of voids to examine their effect on the structure. As for 
the choice of hole size, we have to take into consideration the width of domain walls, 
which is of the order of 100 nm, as well as the structural constraints when introducing 
3 holes, the maximum number of holes in this work, into the structure. Therefore, a 
balance is struck when introducing holes of 200 nm, which is around the order of 
domain walls and leaves sufficient space between holes in the 3 holes structure.  
 
Another interesting observation from the table is that when the structure is relaxed 
from a state with vortices already formed, it relaxes to a diamond state. When the 
structure is relaxed from a state without vortices, i.e. a saturated state (at -10000 Oe 
and 3700 Oe in the table), instead of the diamond state, it forms a state with a Néel-
core center, which will be referred to as the cross-tie state. Therefore, the OOMMF 
simulation shows the possibility of the structure to form the diamond state or the 
cross-tie state at remanence. This is logical as both these states are flux closure states, 
the only difference being the sense of rotation of the vortices. The diamond state has 
the two vortices having different senses of rotation while the cross-tie state has both 
vortices having the same sense of rotation. It is also seen that the energy value of the 
diamond state is 2082 J/m3 while that of the cross-tie state is 2232 J/m3. The similar 
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energy values of the two domain configurations also make it possible for the structure 
to form either state after relaxation from saturation. This phenomenon is also seen 
experimentally with magnetic force microscopy (MFM) to image the domain 
configuration of an array of such structures after saturating them using an external 
field of 4000 Oe as shown in fig. 4.2. The MFM image shows the array of structures 
having both the diamond state and the cross-tie state, thereby confirming the 
observations in the OOMMF simulations.  
 
It has to be highlighted that the experiment was only conducted along the easy axis of 
magnetization of the structure. This is because the simulations done along the hard 
axis for the four different 2 µm x 1 µm structures with 1 center hole, 1 side hole, 2 
holes and 3 holes all showed low remanent magnetization after the removal of the 
hard-axis saturating field. The remanent states were flux-closure states, namely the 
vortex state and the cross-tie state, as it is extremely difficult for the formation of a 
high remanence state due to shape anisotropy. The demagnetization field along the 
hard axis would be too great for the structure to support a high remanence state. 
Therefore, the flux closure state is the usual state associated with the hard axis and is 
thus not chosen for the experiment. 
 




Figure 4.2 MFM image of 2 µm x 1 µm structures after removal of saturating field. 
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4.2 Effect of the central hole 
In order to appreciate the changes brought about by adding a hole in the structure, we 
need to compare the structures containing holes with the structures without holes. We 
shall compare the structure with 1 side hole (at ¼ of the length) as well as the 
structure with 1 center hole with the structure without voids. This will allow us to 
establish the effect of the hole at these two positions. We start with the central hole.  
 
The effect of adding a 200 nm (diameter) circular void at the central position resulted 
in an increase in the remanent magnetization from 4% to 38% and the coercivity from 
6 Oe to 32 Oe as shown in the hysteresis loop in fig. 4.3. This increase is significant 
but the remanent magnetization of the remanent state is not yet sufficient for it to be 
considered a high remanence state. The exact mechanics of the reversal process in this 
structure will provide a better understanding of the effect of the void at the central 
position. 
 
Looking at the domain configuration reversal process shown in table 4.2, although the 
domain states look different from those of the structure without voids, the reversal 
process is similarly characterized by the nucleation, displacement and annihilation of 
vortices. Using fig. 4.3 and table 4.2, we are able to observe similarities and 
differences between the two structures and establish the effect of the central hole on 
the structure. 
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Figure 4.3 OOMMF simulation hysteresis loop of 2 µm x 1 µm structure (no hole and 1 central 
hole) 
 
The first difference that can be noted is at –54 Oe and –53 Oe respectively, where the 
structure without voids and the central hole structure experienced a jump in 
magnetization along the forward loop of the hysteresis loop, corresponding to the 
onset of the central domain shown in table 4.3. For the structure without voids, this 
corresponds to the onset of the diamond-shaped domain. However, with the addition 
of the central hole, the jump is smaller in magnitude and the resultant central domain 
is not joined up but separated by the central hole, looking more like a ribbon state as 
shown in table 4.3. This state differs from the slanted diamond state as the top right 
and bottom left domain walls of the slanted diamond domain is pinned by the hole. 
This in-situ ribbon state has an in-situ magnetization value of -54%, a higher value 
than the in-situ magnetization value of -36% of the slanted diamond state. 
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Table 4.2 OOMMF simulation domain states of 2 µm x 1 µm structure - 1 hole (center, D = 200 
nm) 
Field 




























Reversed ribbon state 
4265 
Chapter 4: Effect of hole position 
 
 68
While the slanted diamond state continues to relax until its magnetization reaches –
4% at zero field, the ribbon state only relaxes until a value of –38%. The respective 
remanent states are also shown in the table 4.3. It is clearly seen that the addition of 
the central hole pins the domain walls of the diamond-shaped domain to itself and this 
pinning results in a remanent state with a higher remanent magnetization.  
 
Table 4.3 Comparison of domain states between no hole structure and central hole structure. 




(In situ)  Slanted diamond state 
 
In-situ Ribbon state 







Mx/M = -4% Mx/M = -38% 
 
 
It is noted that the positions of the onset of the nucleation of vortices are different in 
both structures. The positions correspond to the sense of rotation of their vortices. A 
vortex formed in the bottom left or bottom right positions would have a counter-
clockwise rotation while a vortex formed at the top left or top right would have a 
clockwise rotation. In the structure without voids, the vortices form from the bottom 
left and top right positions while in the central hole structure the vortices form from 
the top left and bottom right. It is equally possible for the structure without voids to 
have the vortices form from the top left and bottom right positions, as the structure 
has a symmetrical shape. In this case, the diamond-shaped domain would have its 
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moments pointing downwards instead of upwards and the sense of rotation of the 
vortices would be reversed. This argument extends to the central hole structure since 
it is also symmetrical.  
 
The general trend of the hysteresis loop of the structure without voids after this initial 
jump is smooth with the forward loop and backward loop narrowly separated, 
showing a very gradual displacement of the vortices and finally their annihilation 
when the structure saturates. For the central hole structure, the loop is characterized 
by several kinks or steps, each step signifying a sudden change in the domain 
configuration of the structure. The simulation also shows that the domain states 
formed at the various kink positions are able to retain their state even when the field is 
removed. Therefore, the remanent state progression of the central hole structure has 
several intermediate states while the structure without holes has only one remanent 
state being the diamond state or the cross-tie state depending on the position and sense 
of rotation of the onset of the vortices.  
 
The first kink after passing the zero field occurs at 7 Oe where the bottom left domain 
wall of the central domain is released from the pinning by the central hole. The 
vortices shift towards the central long axis. The remanent state of this state has the 
same domain configuration as the in-situ state. The second kink is at 39 Oe where the 
bottom right domain wall now becomes pinned by the hole. The vortices have moved 
passed the central long axis and have started to move away from it. The diamond-
shaped domain is now confined to the space on the left side of the hole. The next kink 
at 76 Oe shows the two vortices in the bottom left and top right positions. The top 
right domain wall of the central domain is now released from pinning. The remanent 
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state from this state is a diamond state but with the bottom right domain wall of the 
diamond pinned onto the hole. At 118 Oe, the top left domain wall of the domain state 
is now pinned onto the hole, but the remanent state still remains as the diamond state 
with the bottom right wall pinned onto the hole. Finally, at 208 Oe, the central domain 
is annihilated and the vortices are now at edges. The remanent state is the ribbon state 
with the magnetization in the reversed direction, showing that reversal has taken 
place.  
 
After having analyzed the simulation results, the experimental results will be 
presented to support the analysis. Using results from the current application 
experiments, the MFM images showing the domain configuration of the fabricated 
structures are shown in fig. 4.4. Only the MFM images of the current steps with 
changes to the domain states are shown. After initial saturation, the remanent states 
show that there is a darker shade on the right of the structure and a brighter shade on 
the left, showing overall magnetization in the –x direction. This MFM image does not 
clearly show the domains but it can be roughly be made out that the 2nd and 3rd 
structure has a “v” shaped wall above the hole. This is contrasted with the final image 
after current application of 900 mA, which clearly shows the 2nd and 3rd structure 
having the ribbon state with both flaps at the bottom. This ties in well with “v” shaped 
wall above the hole observed in the first image, and the “v” shaped walls may be 
interpreted as ribbon states with both flaps on top. The intermediate states shown in 
the 700 mA image for the 2nd and 3rd structures have the cross-tie domain 
configuration instead of the diamond domain configuration, showing that the two 
vortices both have the same sense of rotation. Looking back at the 1st structure, the 
intermediate states in 100 mA and 700 mA images both shows a diamond domain 
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confined to the left side of the hole similar to the domain state at 39 Oe in the 
simulation. The final image at 900 mA shows the ribbon domain. With these, we 
deduce that the first image is a ribbon state with the vortices on the top left and the 
bottom right.  
 
Although some of the MFM images may seem difficult to interpret, we are still able to 
draw the conclusion that the current application experiment correspond with the 
simulations to some extent and deduce the theory that there are four possible final 
states depending on the sense of rotation of the two vortices. The scenario in the 
simulation is one whereby the vortices set in from the top left and bottom right. There 
are three other possible combinations: bottom left and top right, bottom left and 
bottom right, top left and top right. The setting-in positions of the vortices correspond 
to their sense of rotation as mentioned earlier. In the scenario of the vortices setting in 
from the bottom left and top right, the ribbon state will be the remanent state but with 
the central domain having a upward moment instead of the downward moment shown 
in the simulations. As for the bottom left and bottom right as well as the top left and 
top right combinations, the ribbon will have its flaps on the same side and of opposite 
moment orientations, one flap with upward moments and one flap with downward 
moments. These four states are in fact variants of the diamond states and cross-tie 
states with their vortices being displaced towards the edges by the hole. The ribbon 
with diagonally positioned flaps corresponds to the diamond state while the ribbon 
with both flaps on one side corresponds to the cross-tie state. 


































































Figure 4.4  (a) AFM and MFM images of 2 µm x 1 µm structure - 1 hole (center, D = 200 nm). (b) 
OOMMF simulation of remanent domain states are shown on the right for easy reference and 
without particular relation to the MFM image in the same row. 
 
The effect of the central hole has been shown. The central hole pins the domain walls 
of the diamond domain onto itself and thus making it into the ribbon state. This can 
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also be interpreted as the hole displacing the vortices towards the edges, in doing so 
increasing the remanent magnetization of the structure from 4% to 38%.  
 
4.3 Effect of the side hole 
Having seen the effect of adding the central hole, we now examine the effect brought 
about by the addition of the side hole. The position of the hole, diameter 200 nm, is at 
¼ of the length, along the central long axis. We start the analysis by comparing the 
hysteresis loop with that of the structure without voids as well as the structure with a 
center hole as shown in fig. 4.5. The remanent magnetization is at 40%, which is 
similar in magnitude as the structure with the central hole (38%) but significantly 
higher than that of the structure without voids (4%). At first glance, the position of a 
single hole has not much effect in terms of increasing the remanent magnetization as 
both the central hole and the side hole gives around the same amount of 
magnetization. It is thus possible that adding more holes will further increase the 
remanent magnetization. Further on in this chapter, we will see how a single hole is 
limited in its effect of increasing magnetization while the adding of more holes will be 
covered in the next chapter.  
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Figure 4.5 OOMMF simulation hysteresis loop of 2 µm x 1 µm structure (no hole,1 central hole 
and 1 side hole) 
 
Still referring to fig. 4.5, we see that the coercivity of the side hole structure is 43 Oe, 
higher than that of the central hole structure (32 Oe) and significantly higher than that 
for the structure without holes (6 Oe). The hysteresis loop for the side hole structure 
contains kinks, similar to the central hole structure, but the general trend of this loop 
lags the central hole structure’s loop, i.e. the jumps appear at a higher field value. This 
is the result of shifting the single hole towards the edge, into the path of the vortex, 
and will be discussed again later. 
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Table 4.4 shows the domain configurations at significant field values, both in situ and 
remanent, as well as the energy values of the remanent states. Before the kink at –42 
Oe, there is onset of two vortices at the bottom left and top right positions as seen in 
the in-situ state at –60 Oe. The jump at –42 Oe corresponds to the displacement of the 
top right vortex as it moves in and occupies the large space on the right of the hole. 
Both states relax to the remanent state, the half-diamond state, named so forth as only 
the top part of the structure resembles the diamond state while the bottom half has an 
inclination of being the cross-tie state. The left vortex is pinned by the side hole and 
therefore cannot contribute to the formation of the full diamond. This pinning of the 
vortex by the side hole accounts for the higher remanent magnetization of this 
structure than the structure without holes, which forms the diamond state as the 
remanent state. After the kink at 6 Oe, the in-situ state now becomes the skewed 
ribbon state, as the domain walls of the diamond domain gets pinned by the side hole. 
The states looks like the ribbon state seen earlier in the central hole structure but the 
ribbon is skewed to the left side. The jump, which corresponds to the coercivity at 43 
Oe, shows the skewed ribbon state, turning into a proper diamond state, as the left 
vortex moves in to occupy the hole position. The moments curl around the hole 
similar to the vortex state of a ring structure. As the field value further increases, the 
vortices separate themselves from each other, moving towards the top left and bottom 
right corners. Finally at 226 Oe, the remanent state is that of the reversed half-
diamond state, showing that reversal has occurred. Therefore, the reversal process of 
this structure is from the half-diamond state to the reversed half-diamond state 
through the two intermediate states of the skewed ribbon state and the diamond state. 
The mechanism is the nucleation, displacement and annihilation of vortices, which is 
same as the structure without voids as well as the central hole structure. This shows 
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that addition of a single hole at these two positions does not change the mechanism of 
the reversal process. 
Table 4.4 OOMMF simulation domain states of 2 µm x 1 µm structure - 1 hole (side, D = 200 nm) 
Field 


























Reversed half-diamond state 
5939 
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The results of the current application experiment are shown in fig. 4.6. The MFM 
images are taken after every step of current increase and only the steps with changes 
are shown. It is observed that after initial saturation, the 1st and 3rd structure resembles 
the half-diamond domain state as simulated in OOMMF. The lighter shade is on the 
left and the darker shade is on the right. At 300 mA, both the 1st and 3rd structure 
formed the diamond state, as can be seen from the disappearance of the lighter region 
on the left to become a more homogenous shades showing flux closure. The 3rd 
structure also contains additional small domains, which are expelled subsequently as 
the current value is increased. At 800 mA, only the 3rd structure shows complete 
reversal by switching to the reversed half-diamond state. We note that the lighter 
shade is now on the right, showing the reversal of magnetization. The 1st structure 
also shows signs of reversal as the lighter shades are also observed on the right but in 
the form of a multi-domain state. 
 
The 1st and 3rd structure corresponded well with the simulations but not the 2nd 
structure. The 2nd structure, at initial saturation, shows a higher magnetization state, as 
the contrast between the brighter regions on the left and darker regions on the right is 
more defined as compared to the other two structures. The subsequent domain 
changes that follow are also different for the 2nd structure. Whereas the 1st and 3rd 
structure forms the diamond state at 300 mA, the 2nd structure forms a multi-domain 
configuration not shown in the simulations. The trend continues until 700 mA where 
the 2nd structure also forms the diamond state, but of a different moment orientation to 
the other two structures. The light shade of the diamond is at the top for the 2nd 
structure while it is at the bottom for the other two structures. At 800 mA, the 2nd 
structure remains a diamond state.  




The difference in the domain progression as observed in the 2nd structure may be 
attributed to a more severe crowning effect of the 2nd structure. The higher sidewalls 
of the structure may have aided in stabilizing the high remanence state by 
immobilizing the domain walls, which in turn keep the vortices at the edge. The 
reluctance of the domain walls in displacing causes the structure to form multi-
domain states as more and more domain walls form as the moments realign 
themselves to the reversed field. The stabilizing of the domain walls due to the 
structural imperfections, such as the sidewalls, balances the higher wall energy 
requirements of multi-domain structures and makes their formation possible.  
 
It can be observed that for states with high remanent magnetization, the contrast 
between the left and right regions is high. A good example is the 2nd structure at initial 
saturation. For the flux closure states with low or no remanent magnetization, there is 
no contrast between the left and the right regions outside of the diamond domain and 
they are of a rather homogenous tone. Within the diamond domain, the magnetization 
is either upwards or downwards as indicated by the contrast of the shades.  
 













































































Figure 4.6 (a) AFM and MFM images of 2 µm x 1 µm structure - 1 hole (side, D = 200 nm).  
(b) OOMMF simulation of remanent domain states are shown on the right for easy reference and 
without particular relation to the MFM image in the same row. 
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The experimental results show some correspondence with the simulation results, other 
than the formation of the multi-domain states that are not found in the simulation. 
Multi-domain states cost high energy values as the total wall energy is increased. 
Therefore, it is not possible to have it appear in the simulations as the algorithm of the 
simulations will look for a state that minimizes the total energy value. In the real 
world however, such states can exist as shown in the experimental results. This may 
be due to disturbances in the environment and defects or unevenness in the fabricated 
sample.  
 
From the hysteresis loops, we have seen that the loop for the side hole structure lags 
that of the central hole structure. This may be explained by the restriction of the 
displacement of the left vortex due to pinning by the hole. This slows down the 
reversal process, as a larger field is required to “free” the pinned vortex. The side hole 
has the ability to pin vortices but not the central hole because the side hole occupies a 
position that lies in the path of the vortex. The side hole effectively blocks the path of 
the vortex as it costs more energy to move a vortex into a hole compared to the 
normal displacement of a vortex. To move a vortex into a hole require the moments 
around the hole to change their alignment, the changes at the near side of the hole will 
be more drastic to the extent of some moments going through a 180 degrees rotation. 
This shows up as a kink in the hysteresis loop. On the other hand, the normal 
displacement only requires the gradual rotation of moments at a localized point and 
thus is a less energetic process. 
 




A summary of the remanent states and reversal states of the structures are shown in 
table 4.5. The structure without holes cannot be considered to have undergone 
reversal, as a reversed state for the structure cannot be identified. The central hole 
structure switches from the ribbon state to the reversed ribbon state while the side 
hole structure switches from the half-diamond state to the reversed half-diamond 
state. These two remanent states possess reversed states as their vortices are displaced 
from their positions on the long central axis as in the case of the diamond state. This 
asymmetry of the vortex positions gives rise to the existence of the reversed state as 
well as the higher remanent magnetization value.  
 
Table 4.5 Comparison of remanent states of the structures (no holes, 1 central hole, 1 side hole) 
along with their magnetization and energy values. 
 
Remanent state after 
















Both the central hole structure and the side hole structure goes through intermediate 
remanent states before reaching reversal. Although the two structures show different 
intermediate states, all their intermediate states are the diamond state itself or variants 
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of it. The intermediate states are similar because both structures go through similar 
reversal process of the nucleation, displacement and annihilation of vortices. 
 
It has to be noted that the pinning of the vortex in the side hole structure creates a less 
stable state as shown by the higher energy value of 5939 J/m3 as compared to the 
energy value of the ribbon state (4266 J/m3). The central hole, which is located away 
from the path of the vortex, gives space for the movement of the vortex. The effect of 
the central hole only pushes the two vortices slightly towards the edges. This shows 
that the nearer the hole to the path of the vortex, the better it blocks its path and pins 
it.  
 
The addition of a single hole, regardless of its position on the long central axis, gives 
rise to a remanent magnetization of around 40%. This is a significant increase from 
the 4% exhibited by the structure without holes, but not high enough to be considered 
a high remanence state. This fact leads us to the next possible step of adding more 
holes into the structure in order to engineer a structure with higher remanent 
magnetization. The effect of the number of holes will be discussed in the following 
chapter through the analysis of a two holes structure and a three holes structure.  
 
 





Effect of number of holes 
 
In the previous chapter, we have seen the effect of a single hole at two positions, 
namely the central and the ¼ side positions, where we deduce that the effect of a 
single hole is limited in increasing the structure’s remanent magnetization. In this 
chapter we will explore the effects of adding more than one hole into the structure. 
The structure with two side holes (¼ and ¾ positions) and the structure with three 
holes (two side holes and a central hole) will be examined for their domain 
configurations and switching properties.  
 
5.1 Two Holes Structure 
We first examine the 2 holes structure before introducing a third central hole to form 
the 3 holes structure. The design of this structure is such that each side hole blocks the 
path of a vortex, thus it is possible that this may be effective in preventing the vortices 
from forming the flux closure state. Simulation done using OOMMF confirms this. 
The hysteresis loop in fig. 5.1 plotted out by OOMMF shows that the remanent 
magnetization of the 2 holes structure is 80%, much higher than the 40% of the 1 side 
hole structure and the 4% of the structure without holes. This shows that the 
introduction of an additional side hole on the other side of the structure has doubled 
the remanent magnetization.  
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Figure 5.1 OOMMF simulation hysteresis loop of 2 µm x 1 µm structure (no holes, 1 side hole 
and 2 holes) 
 
The hysteresis loop of the 2 holes structure shows a different trend from the 1 side 
hole structure as well as the structure without holes. Where the structure without holes 
shows a very gradual slope and the 1 side hole structure shows a series of small kinks, 
the 2 holes structure shows one major step at 77 Oe (which happens to be its 
coercivity value) and two smaller steps at 172 Oe and 226 Oe. This loop is more 
desirable as it is closer to the clean switching exhibited by single domain structures, 
whose reversal process is done in a single step.  
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The details of the domains transformation in the reversal process for the 2 holes 
structure will now be examined. Table 5.1 shows the in-situ domain states as well as 
the remanent domain states when relaxed from the corresponding in-situ state. The 
first row shows the state at 0 Oe field which is the remanent state after saturation. The 
OOMMF image shows the two vortices pinned to the edges by the two side holes, 
confirming our postulation that an additional side hole at the opposite end would pin 
the other vortex. This phenomenon allows the structure to retain its high remanent 
magnetization after removal of field as the path of displacement of the two vortices 
are blocked, preventing the formation of the flux closure state.  
 
As the field strength is increased, curling the moments in the central space between 
the two holes is observed at 23 Oe. A “v” shaped domain wall due to the curling of 
the moments forms between the two holes. Although this reduces the remanent 
magnetization slightly, the remanent state from this state retains the high remanent 
magnetization as both vortices are still pinned.   
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Table 5.1 OOMMF simulation domain states of 2 µm x 1 µm structure - 2 holes (D = 200 nm) 
Field 




















At the coercivity value of 77 Oe which corresponds to the first major step in the 
hysteresis loop, there are significant changes to the domain configuration. The 
structure now shows a Néel-core center at the central space between the holes named 
the cross-tie state. It seems that the vortices that were previously pinned at the edges 
have now moved into the hole positions. However, upon closer inspection, we find 
that the senses of rotation of the vortices have changed. Previously, both vortices have 
senses of rotation in the counter-clockwise direction but now both the vortices have 
rotation in the clockwise direction. Therefore, these are new vortices different from 
those previous vortices. The new vortices have been formed from the curling of the 
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moments in the space between the holes. The moment then curls around the hole to 
form the new vortices, and in doing so expels the two previous vortices out of the 
system. The “v” shape domain wall seen earlier now forms the horizontal domain wall 
in the Néel-core that links the two holes. The remanent state from this state is also a 
cross-tie state but with straighter domain walls. This is a flux closure state of low 
remanent magnetization.  
 
The next step, which is smaller, occurs at 172 Oe. The Néel-core has displaced itself 
to the bottom of the structure and the vortices have moved out of the hole towards the 
bottom and closer to each other, thus supporting a smaller Néel-core between them. 
This state relaxes to a cross-tie state with a smaller Néel-core with the two vortices at 
the space between the two holes.  
 
Finally at 226 Oe, the two vortices are displaced to the edges and the relaxed state 
shown is that of the reversed high remanence state, with the two vortices pinned at the 
edges. This state is similar to the initial state at remanence but with an opposite 
magnetization and thus reversal has taken place.  
 
This reversal process is different from the previous cases of the single hole structure 
and structure without holes in the sense that vortices have been expelled and new 
vortices formed, in order to change the sense of rotation of the vortices. This is due to 
the fact that the paths of the vortices have been blocked by the introduction of the two 
side holes and thus the vortices cannot move to the opposite edge to allow reversal of 
magnetization to take place. Instead, the reversal takes place via the formation of new 
vortices by curling the moments around the holes and then expelling the previous 
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vortices. This process delays the formation of the flux closure state, as more energy is 
required to create new vortices around the hole as compared to the displacement of 
the vortices. As such, both the remanent magnetization and the coercivity value of the 
structure have increased.  
 
In order to verify the simulations, the current application was carried out on the 
structure. The results are shown in fig. 5.2. Initial saturation of the structures showed 
that all three structures were of the high remanence state as seen from the high 
contrast between the left bright regions and the right dark regions. The position of the 
vortices and the domain walls that radiates from the hole positions can also be seen.  
 
The structures have different routes of reversal. The 1st and 2nd structure (from left) go 
through the intermediate state of the diamond, while the 3rd structure has the 
intermediate state of the cross-tie state. The 1st and 3rd structure switched to their flux 
closure states at 500 mA while the 2nd structure’s switch is at 600 mA. The 2nd 
structure also had another slightly different high remanent state at 100 mA. This state 
differs to the initial saturation state as the widening of the “v” shaped wall between 
the holes has led to the formation of two small diamond domains, forming a state that 
has not been observed in the simulation. Even the diamond state formed by the 2nd 
structure is different from the normal diamond state as the diamond domain is shifted 
towards the left. The diamond shifts back to the central position after the 800 mA 
current application step.  
 













































































Figure 5.2 (a) AFM and MFM images of 2 µm x 1 µm structure – 2 holes. (b) OOMMF 
simulation of remanent domain states are shown on the right for easy reference and without 
particular relation to the MFM image in the same row. 
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Finally, only the 2nd structure switched to the reversed high remanence state as 
indicated by the bright regions on the right and dark regions on the left. The other two 
structures remained at their intermediate flux closure states.  
 
The difference exhibited by the 2nd structure may be due to the slightly larger holes of 
the structure. It will be seen in a later chapter that larger hole size leads to an increase 
in the current value required for the state to switch to the flux closure state.  This ties 
in with the observations here as the diamond flux closure state for the 2nd structure is 
formed at 600 mA, higher than the 500 mA required for the flux closure states for the 
other two structures. Other physical differences such as the crowning effect explained 
in the previous chapter may also impact the switching value.  
 
From the current application experiment, we see that the domain transformation 
process corresponded with the simulations. The initial states observed were similar as 
well as the intermediate state of the cross-tie was also observed. The possibility of 
forming the high remanence state, which has a high total energy of 8207 J/m3, has 
been verified. The structure was able to support a domain state that has an energy 
value 3 times that of the flux closure state (2714 J/m3). This shows that the addition of 
holes into the structure is effective is increasing the remanent magnetization of the 
structure. The reversal process of passing through the intermediate state of the flux 
closure state has also been confirmed by the current application experiment.  
 
The formation of the diamond state in the experiment indicates again that the diamond 
state and the cross-tie states are energetically similar states and as such, the reversal 
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process may go through either states depending on the initial positions and sense of 
rotation of the vortices as explained in the previous chapter. 
 
The presence of only one reversed state (out of three structures) suggests that a higher 
current value, i.e. a stronger field, is required to switch the structure. The present gold 
conductor dimensions can only support up to 900 mA of current (1.2 x 10-11 A/m2) 
without damage. Consideration needs to be given for the design of the conductors for 
a more efficient generation of field at a lower current.  
 
5.2 Three Holes Structure 
The effect of having 2 side holes have been presented in the previous section, we now 
take a look at how a third central hole will change the domain configuration of the 
structure. A comparison of the simulated hysteresis loop in fig. 5.3 shows that there 
have been minimum changes to the switching properties of the structure. The 
remanent magnetization stays high at 78% compared to the 80% showed by the 2 
holes structure. The coercivity is at 75 Oe, which is similar to the 77 Oe of the 2 holes 
structure. Therefore, there seems to be no more effect of increasing the magnetization 
by the addition of more holes into the structure. A note-worthy difference is found in 
the general trend of the loop. This loop has 2 major steps while the 2 holes structure 
loop has 1 major and 2 minor steps. The two minor steps occur at approximately the 
same field strength of the 2nd major step of the 3 holes structure. This means that an 
intermediate state between the two minor steps shown in the 2 holes structure has 
been eliminated by the addition of a third hole. This shall be examined in detail by 
looking the domain state changes.  
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Figure 5.3 OOMMF simulation hysteresis loop of 2 µm x 1 µm structure (2 holes and 3 holes) 
Table 5.2 shows the domain states at various field steps and their remanent states. The 
remanent state after saturation is shown as the 0 Oe field state. This domain 
configuration is similar to that of the 2 holes structure. The two vortices are pinned by 
the two side holes. In addition, there are also signs of domain wall formation between 
the holes. This state has an energy value of 8571 J/m3 slightly higher than the energy 
value of the 2 holes structure (8207 J/m3). The high values of their total energy are 
due to the high remanent magnetization of the two domain states.  
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Table 5.2 OOMMF simulation domain states of 2 µm x 1 µm structure - 3 holes (D = 200 nm) 
Field 
















The reversal process starts with the curling of the moments at the center, similar to the 
reversal process of the 2 holes structure. In this case however, a hole is present at the 
center and the moments therefore curl around the hole and creates a bigger “v” shaped 
domain wall than the one formed by the 2 holes structure. This comparison is shown 
in table 5.3. It is also noted that the setting in of the curling effect is earlier in the 2 
holes structure, which happens at 23 Oe as compared to 47 Oe for the 3 holes 
structure. The additional central hole of the 3 holes structure requires the moments to 
curl around it and thus more energy is needed and the process occurs at a higher field 
value. Both the states still have energy values that are high as remanent magnetization 
is still high and the vortices are still pinned at the edges. 
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Table 5.3 Comparison between the “v” shaped domain walls of the 3 holes and 2 holes structures. 
 3 Holes Structure 2 Holes Structure 
Domain state 
showing the curling 
effect 
  
Energy (J/m3) 8307 8225 
Field (Oe) 47 23 
 
The next step in the reversal process is the formation of the flux closure state at 75 
Oe. The process is similar to the 2 holes structure’s reversal where the curling of the 
moments at the center results in new vortices being formed at the side holes. At the 
same time, the previous vortices are expelled. The new vortices have opposite senses 
of rotation to the previous vortices and this allows the reversal of magnetization to 
take place without the vortices moving past the holes towards the other edge.  
 
At 226 Oe, the in-situ state shows the vortices displaced to the edge of the holes 
forming a high magnetization domain state. After the removal of field, the vortices 
stay pinned at the edges, resulting in high magnetization in the remanent state. This 
high remanence state has the reversed magnetization from the initial state and thus 
reversal has taken place.  
 
The reversal process of the 3 holes structure is indeed similar to that of the 2 holes 
structure. Both processes involve the following: nucleation of vortices, pinning of 
vortices, curling of central moments, formation of new vortices with the expulsion of 
the previous vortices, and displacement of new vortices to the edge. There are two 
slight differences. Firstly, the curling of the central moment step is more severe in the 
3 holes structure as the moments need to curl around the central hole. Secondly, the 
central hole disrupts the formation of the small Néel-core intermediate state between 
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the cross-tie state and the final high remanence state. This is due to the lack of space 
after the addition of the central hole to support a smaller Néel-core at the center. 
Therefore, this results in a cleaner switching at the second switching step, from the 
flux closure state to the reversed high remanence state, for the 3 holes structure.  
 
The results of the current application experiment shown in fig. 5.4 will be used to 
support the simulation results. The states after initial saturation show the structures in 
the high remanence configurations. The contrast between the left bright regions and 
the right dark regions is high. The positions of the vortices can been identified and the 
domain walls between the holes can also be seen. The holes themselves are harder to 
spot but they are located between the domain walls and the vortices.  
 
The 1st and 2nd structure’s reversal is via the intermediate state of the diamond and the 
3rd structure is via the cross-tie state. For the 1st structure, instead of forming the “v” 
shaped wall as seen in the simulations, a pair of diagonally placed, parallel walls are 
observed. The difference is because the intermediate state of the simulations is the 
cross-tie, and thus it formed the “v” shaped wall. For the diamond state as the 
intermediate state however, one would expect the moments to curl differently to 
obtain two vortices with different senses of rotation. That is why the pair of 
diagonally placed, parallel walls have been formed. 
 
For the 2nd structure no such state were seen. The structure changed from the high 
remanence state to the diamond state at 500 mA without any interemediate state 
observed. For both 1st and 2nd structures, another intermediate state that resembles the 
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ribbon state is seen at 800 mA. This was not found in the 2 holes structure’s 
experiment as the ribbon state is unique to the central hole.  
 
From the 3rd structure, we see the possibility of domain changes occurring only in half 
the structure. At 300 mA, the left half of the structure has undergone changes to form 
half the “v” shaped wall, but in this case the “v” is inverted. The other half is 
unchanged and kept the domain configuration of the initial high remanence state. The 
structure finally formed the intermediate state of the cross-tie at 600 mA. The other 
samples had switched to their intermediate earlier at 400 mA and 500 mA for the 1st 
and 2nd sample respectively. Thus, a distribution of different switching values is seen 
across the 3 samples. If the distribution is too wide, it would be hard to determine how 
much current is actually needed for the structure to switch to the desired state and 
errors in controlling the switching may occur when the structure is used in 
applications.  
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Figure 5.4 AFM and remanent MFM images of 2 µm x 1 µm structure – 3 holes. (b) OOMMF 
simulation of remanent domain states are shown on the right for easy reference and without 
particular relation to the MFM image in the same row. 
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For the final image at 900 mA, the exact domains are hard to make out due to sample 
deterioration due to heating resulting form the high current density. However, we still 
can see that the bright regions are now on the right and dark regions now on the left, 
an indication of the completion of the reversal process. As seen earlier in the 2 holes 
structure that 1 out of 3 samples has undergone reversal at 900 mA, therefore it is 
possible here that reversal has occurred as the field required for the final jump to 
saturation is similar for both structures as indicated by the simulations.  
 
From the experimental results, we have seen the correspondence of the initial high 
remanence state as well as the intermediate state of the cross-tie with the simulation 
results. We have also noted the possibility of the reversal process going through the 
diamond state instead of the cross-tie state. In addition, a pair of diagonally placed, 
parallel domain walls observed at 300 mA in the 1st structure has been found to be a 
variation of the “v” shaped domain wall. Lastly, we also noted the possibility of the 
structure going to partial changes on one half but retaining its previous state on the 
other half as seen in the 300 mA image of the 3rd structure. The partial change is 
possible as the hole divides the structure into different parts. These variations from the 
simulations are deemed to be within acceptable bounds as the fundamental domain 
changes in the structures tally with the simulations.  
 
5.3 Conclusion 
Drawing the conclusion from the results both from this chapter and the previous 
chapter, the effects of each hole position has been determined. The side hole (at ¼ of 
the length) is effective in pinning the vortex to between itself and the round edge, thus 
blocking the path of displacement of the vortex as the field is increased. This results 
Chapter 5: Effect of number of holes 
 
 99
in the ability of the structure to retain its remanent magnetization. Working together 
with the other side hole (at ¾ of the length), the holes significantly increased the 
remanent magnetization to 80%. The central hole also increases the magnetization but 
does it by displacing the vortices slightly towards the edges. This does not block the 
path of the vortices as the vortices still have space to maneuver and move towards the 
other edge.  
 
It has to be noted that there is a difference between the reversal process between the 
single hole structures and structures with 2 and 3 holes. The single hole structures 
reverses through vortex nucleation, displacement towards the opposite edge and 
annihilation. Throughout the whole process, the senses of rotation of the two vortices 
are not changed. For the structures with 2 and 3 holes, the vortices are pinned by the 
side holes. They do not move beyond the holes. New vortices with different senses of 
rotation are formed from the curling of the moments at the central region and the 
initial vortices are expelled.  
 
The effect of the central hole seems less significant than the side hole as it does not 
pin vortices. However, comparing 1 central hole and 1 side hole structures, their 
remanent magnetization is of similar magnitude. Thus, the central hole on its own, 
which pushes the vortices towards the edges, is as significant as the side hole on its 
own. Its importance is less obvious in the case of the 3 holes structure, which still 
exhibits similar remanent magnetization as the 2 holes structure. Here, the central hole 
did not increase the overall remanent magnetization but only eliminated an 
intermediate state found in the second step of the hysteresis loop of the 2 holes 
structure. Thus, the most significant increase in magnetization resulted from the 
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pairing of the 2 side holes and this structure will be further examined for the effect of 
the variation of hole size and aspect ratio in the next chapter.    
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Chapter 6  
Effect of hole size and structure aspect ratio 
 
In the previous two chapters, we have seen the effects of hole position and number of 
holes analyzing the 2 µm x 1 µm structures with no holes, 1 side hole, 1 central hole, 
2 side holes and 3 holes through simulations and experiments.  To paint a full picture 
of the effect of hole addition, we shall also vary hole size as well as the structure’s 
aspect ratio and determine their effects.  
 
The structure with two side holes is selected for this purpose due to its high remanent 
magnetization. The hole size could be increased without worry of them getting too 
close, unlike the 3 holes structure. The bigger hole structure will also be compared to 
a similar structure with longer aspect ratio for a more comprehensive study of the 
structure.  
6.1 Effect of hole size  
The two structures that will be compared in this section are two holes structures, one 
with hole diameter of 200 nm (original size) and one with hole diameter of 400 nm 
(enlarged size). Their respective hysteresis loops are plotted by OOMMF simulations 
and shown in fig. 6.1. Both loops have similar shape, basically one major step at the 
coercive field value followed by two smaller steps to reach saturation. The difference 
is that the structure with the bigger holes has the loop shifted towards higher fields by 
about 23 Oe (value taken at 0% magnetization). The coercivity for the 200 nm holes 
structure is 77 Oe while that for the 400 nm holes structure is 100 Oe. Their 
respective remanent magnetization values are 80% and 78%. Their hysteresis loops 
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show that an increase in hole size increases the field needed for reversal to take place 
without increasing the remanent magnetization after removal of field. Therefore, the 
hole size can be varied for the structure to suit different applications that require 
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Figure 6.1 OOMMF simulation hysteresis loop of 2 µm x 1 µm structures - 2 holes (D = 200 nm 
and D = 400 nm)  
 
 
The details of the reversal process of the 400 nm holes structure are presented in table 
6.1. The remanent state after removal of saturating field shows the structure in a high 
remanence state with a magnetization of 78%. The bigger holes are as effective in 
retaining the high magnetization of the structure by pinning of the two vortices. This 
state differs from the high remanence state of the 200 nm holes structure, as it has “v” 
shaped domain walls formed between the holes. A comparison is shown in table 6.2, 
which shows the remanent states of both the 200 nm and 400 nm holes structures at 
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their corresponding kinks. The 200 nm holes structure also have domain walls 
radiating from the holes due to the curling of moments between the two holes, but 
they are not as defined and the two walls do not meet to form the “v” shape. The 
smaller amount of magnetic material between the holes of the 400 nm holes structure 
causes the formation of the “v” shaped wall to occur earlier in this structure.  
Table 6.1 OOMMF simulation domain states of 2 µm x 1 µm structure - 2 holes (D = 400 nm) 
Field 
















The first major step is at 100 Oe and the structure switches to the cross-tie state. Here 
the senses of rotation of the vortices have changed as new vortices are formed at the 
holes by curling the moments around them and the previous vortices are expelled. 
This process is also seen in the 200 nm holes structure but at 77 Oe. Therefore, the 
simulation results show that the smaller hole structure required a smaller field for the 
change. Although a smaller hole implies that there is more magnetic material and thus 
more magnetic moment need to be rotated, the simulation results show otherwise. 
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This is because a smaller hole size means that the circumference of the hole is smaller 
and thus the onset of the rotation of the magnetic moments is more easily achieved as 
the process begins at the circumference. We see that the onset of the change, rather 
than the total amount of magnetic moments rotated, is more significant in determining 
the overall field strength required.  
Table 6.2 Comparison of remanent states at steps of the hysteresis loops between the 200 nm 
holes structure and 400 nm holes structure. 








77 Oe 100 Oe 
2nd Step 
  




226 Oe 244 Oe 
 
The 2nd step of the 400 nm holes structure is different from the 200 nm holes 
structure. The 400 nm holes structure switched to the vortex state instead of the small 
Néel-core state shown by the 200 nm holes structure. This difference is due to the 
smaller amount of magnetic material between the holes in the 400 nm holes structure 
and thus it cannot support two vortices unlike in the 200 nm holes structure.  




Finally, the structure underwent reversal at 244 Oe and switched to the reversed high 
remanence state. The field required is higher than the 226 Oe required by the 200 nm 
holes structure. The fact that the larger hole size requires a larger switching field may 
be because switching from a vortex state with only one vortex to the reversed high 
remanence state with two pinned vortices requires the formation of a vortex and thus 
requires more energy.  
 
The current application experiment was conducted to verify the simulations data. Fig. 
6.2 shows the MFM images of the domains at various steps of current value where 
changes were seen. After initial saturation, the domain states exhibited are high 
remanence states as seen from the contrast between the left bright regions and the 
right dark regions. The presence of domain walls between is also evident. The 1st and 
2nd structure has inverted “v” shaped walls while the 3rd structure has a “v” shaped 
wall as well as an additional Néel-core just beneath the wall. The state seems more 
stable than the high remanence state of the 200 nm holes structure in the experiments 
as the first change to the intermediate domain state sets in only at 700 mA compared 
to the 500 mA for the setting in of the first intermediate state of the 200 nm holes 
structure. The higher current value needed tallies with the higher coercivity in the 
simulations.  
 


























































Figure 6.2 (a) AFM and MFM images of 2 µm x 1 µm structure – 2 holes (D = 400 nm). (b) 
OOMMF simulation of remanent domain states are shown on the right for easy reference and 
without particular relation to the MFM image in the same row. 
 
At 700 mA, the 1st structure switched to the cross-tie state while the 2nd structure saw 
an additional Néel-core forming at the inverted “v” shaped wall. At 800 mA, the 3rd 
structure switched to the cross-tie state while the 2nd structure switched to a multi-
domain flux closure state that contains at the space several vortices between the holes. 
This state is a low remanent state as the two ends do not have contrasting brightness. 
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Finally at 900 mA, all three states seem to have undergone reversal but the image is 
not clear due to sample deterioration. A new tip was used to do the MFM scan but did 
not improve the image. In addition, the sample was then re-saturated but the initial 
clear images were unable to be obtained. This showed that the sample has deteriorated 
possibly due to the high current values as well as the heating effect of the current. 
Although the sample was deteriorated, the high magnetization of the structures can be 
made out from the contrast of the left dark regions and the right bright regions. There 
are also hints of formation of “v” shaped walls between the holes.  
 
The vortex state seen in the simulations was not observed in the experiment. This is 
reasonable as this state is the 2nd intermediate state that exists in between two small 
steps and may not be easily observed. For the 200 nm holes structure, we also did not 
see experimentally the image of the 2nd intermediate state, which was the small Néel-
core state. Other than this discrepancy, it is noteworthy to point out that although no 
diamond state was observed in these three structures, there was occurrence in other 
structures not shown. 
 
To summarize the effect of hole size, the increase in hole size corresponded to an 
increase in the coercivity of the structure and a general shift of the hysteresis loop 
towards the higher field values. The higher field required results from the fact that the 
formation of new vortices at the larger holes requires higher energy as more moment 
changes are incurred. The shift in coercivity is also verified by the current application 
experiment, which also showed the domain states of the intermediate steps in the 
reversal process.  
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6.2 Effect of varying aspect ratio of structure 
In the previous section, we increased the hole diameter from 200 nm to 400 nm and 
compared the results. The 400 nm diameter 2 holes structure had similar trends of 
reversal as the smaller hole size. Using this bigger hole structure, we now do a 
comparison with a 2 holes structure of a longer aspect ratio keeping the same hole 
diameter. The structure in question is a 4 µm x 1 µm structure with two 400 nm 
diameter holes, one near each round end. This structure had been investigated in detail 
by Q. F. S. Seah.1 The hysteresis loop of this structure is shown in fig. 6.3 and 
compared to the loop of the 2 µm x 1 µm structure with two 400 nm holes. The longer 
structure has a remanent magnetization of 84%, which is higher than the 78% of the 
shorter structure. Also, the longer structure exhibits clean switching, meaning that it 
switches to the reversed state in only one step, at the coercivity value of 136 Oe, 
compared to the 3 step switching of the shorter structure.  
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Figure 6.3 OOMMF simulation hysteresis loop of 2 µm x 1 µm and 4 µm x 1 µm structures (2 
holes, D = 400 nm)  
 
Although the coercivity of the shorter structure is smaller, the step that brings the 
structure to reversal state occurs later and thus a lower field is required to switch the 
longer structure. The lower field required is due to the ease of the longer structure in 
forming the high remanence state. In fact, from the domain states of the reversal 
process shown in table 6.2, there is no intermediate state for this long aspect ratio 
structure. The remanent state after saturation shows the vortices pinned by the side 
holes. The left hole has two vortices pinned and the right hole has one. There are also 
domain walls radiating from the holes. As the field strength is increased, some curling 
of the moments in the central magnet region in between the holes results in domain 
walls but these structures relax to the high remanence state once the field is removed. 
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Only at 136 Oe that the field is sufficient to switch the structure to the reversed high 
remanence state, without any intermediate states, showing clean switching.  
Table 6.3 OOMMF simulation domain states of 4 µm x 1 µm structure - 2 holes (D = 400 nm) 
Field 



















The results of the current application experiment are shown in fig. 6.4. The high 
remanence state shown after initial saturation corresponds well with the simulations 
as we see the domain walls radiating from the holes and the vortices pinned at the 
ends. The contrast between the left bright region and the dark right region shows the 
structure in high remanence state. 
 















Figure 6.4 AFM and MFM images of 4 µm x 1 µm structure – 2 holes (D = 400 nm).  
 
 
At 700 mA, both structures switched to the reversed high remanence state showing 
complete reversal. Hence, this structure exhibits clean switching without intermediate 
steps. For aspect ratio (AR) of 2, reversal is only achieved at 900 mA but for AR of 4, 
it is achievable at 700 mA. The lower current value required for reversal is consistent 
with the simulation values. In the simulations, the switching value is 136 Oe for the 
longer structure and 244 Oe for the shorter structure. Here, we verify that the longer 
structure switches to the reversed high remanence state more easily due to shape 
anisotropy. The high AR makes it more energetically cost effective to form the high 
remanence state as the flux closure domains require the formation of more domain 
walls, which cost energy, than the shorter shape.  
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It is also interesting to compare the high AR structure with two holes with a high AR 
structure without holes. From previous work, it is observed that the high AR structure 
without holes also exhibited the clean switching.2 The results are summarized in fig. 
6.5 where (a) and (b) shows the OOMMF simulated images while (c), (d) and (e) are 
the MFM images after saturation, after 250 mA of current and 300 mA of current 
respectively. It is thus seen that reversal of such structures was achieved at 300 mA, 
which is lower than the 700 mA required to switch the two holes structures. This 
increase in coercivity brought about by the addition of holes can be explained by the 
stabilizing effect of the added holes. The holes restrict the movement of the vortices 
and thus cause the reversal process to take place at a higher current value, implying a 
higher field value.  
 
 
Figure 6.5 The simulated remanent states of 4 µm x 1µm structures at (a) high remanence state 
and (b) its reversed state. MFM images showing the remanent states of 4 µm x 1µm structures at 
different stages of current application; (c) after saturation, (d) after 250 mA of current and (e) 
after 300 mA of current.2 
 
Comparing their OOMMF simulated hysteresis loops in fig. 6.6, it is observed that the 
addition of holes increased the remanent magnetization from 71% to 84% and the 
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coercivity from 41 Oe to 136 Oe. The hysteresis loop shifts towards the higher field 
values when holes are added. This shows that even in structures of high aspect ratio, 
addition of holes at strategic positions of the structure also causes significant changes 
to the switching properties of the structure. Such structures may be interesting as a 
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Figure 6.6 OOMMF simulation hysteresis loop of 4 µm x 1 µm structures (no holes and 2 holes) 
 




In this chapter, we have seen the effects of having a larger hole size as well as the 
effects of having a higher aspect ratio structure. An increase in hole size generally 
increases the coercivity of the structure but does not increase the remanent 
magnetization. In addition, the general shape of the hysteresis loop is also maintained. 
Both structures go through a similar reversal process. They start by relaxing to the “v” 
shaped wall domain configuration after removal of the saturating field. It is noted that 
the smaller hole structure’s “v” shaped wall is in fact not touching, but two separate 
walls as there is enough magnetic material between the holes to support them. After 
which, as the field is increased, there is formation of a Néel-core between the holes. 
The structures then go through a slightly different intermediate step before reaching 
reversal. The intermediate state differs in the number of vortices supported between 
the holes. The smaller hole structure can support 2 vortices while the bigger hole 
structure can only support one vortex. Therefore, varying the size of the hole does not 
change the domain configuration of the structure significantly. This may be used to 
fine-tune the structure to the required coercivity by varying the hole size.  
 
On the other hand, varying the aspect ratio of the structure can change the shape of 
the hysteresis loop. A longer shape eliminates the kinks in the loop and causes the 
switching to be clean. The 2 holes structure with aspect ratio of 4 switched from the 
initial state, which is a high remanence state, to the reversed state without going 
through any intermediate states. Therefore, depending on the application, the shape of 
the hysteresis loop can be engineered to suit the application.  
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Finally, it has to be noted that even the addition of holes in structures with high AR 
causes significant changes to the structure. The addition of 2 holes to the 4 µm x 1 µm 
structure caused the coercivity to increased significantly as well as increased the 
remanent magnetization of the high remanence state of the structure. This is 
interesting as it suggests that addition of holes would have a significant effect on 
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Chapter 7  
 




In this work, the effect of introduction of holes to the low remanence capsule-shaped 
2 µm x 1 µm structure was investigated. The following trends were determined: 
1. Effect of the hole position 
2. Effect of number of holes 
3. Effect of hole size 
4. Effect of structure aspect ratio 
In order to determine the effect of hole size, two single hole structures, the center hole 
structure and the side hole structure, were compared to the solid structure and against 
each other. It was found that both hole positions could raise the remanent 
magnetization from 4% to about 40%.  In the remanent domain state of the center hole 
structure, the two vortices are displaced towards the edges due to the hole and this 
increases the remanent magnetization. For the side hole structure, the vortex on the 
side with the hole is pinned by the hole and the pinning increases the remanent 
magnetization. The mechanism for reversal for both single hole structures is the same 
as the solid structure, which is the nucleation, displacement and annihilation of 
vortices. 
 
When more holes are added, the remanent magnetization is further increased to 
around 80%, as exemplified by the 2 side-holes structure and the 3 holes structure. 
The introduction of 2 side holes blocks the path of both vortices, thus pinning them to 
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the edges. During reversal, new vortices of a different sense of rotation to the initial 
vortices are formed at the holes and the initial vortices are expelled. Finally the new 
vortices are displaced to the edges to result in the reversed high remanence state. This 
new reversal process is similar to the reversal of the 3 holes structure, suggesting that 
the additional center hole has no significant effect when the two side holes are already 
present.  
 
In addition to the above, effect of variation of hole size has also been studied. The 2 
hole structure with a larger hole size of 400 nm sees a shift in the hysteresis loop 
towards the higher field values and thus a larger field is needed for reversal to occur. 
As for structure aspect ratio, the larger aspect ratio 4 µm x 1 µm structure with 2 holes 
has a hysteresis loop that shows clean switching. The single step switching without 
intermediate states is achieved with the high aspect ratio. It is also found that the 
addition of 2 side holes to the long structure has increased the remanent magnetization 
from 71% to 84% and the switching field from 41 Oe to 136 Oe. Therefore, holes are 
also effective in long structures to increase their remanent magnetization and the 
switching field.  
 
MFM images from the current application experiment have been used to verify the 
simulation data. There was good correspondence between the MFM images and 
OOMMF states although the MFM images showed some additional complex states 
not found in the OOMMF simulations. Overall, the basic domain states, including 
initial, intermediate and end states, found in the OOMMF simulations have been 
found in the MFM images. The switching values also correspond well with the 
switching values in the simulated hysteresis loops.  
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7.2 Problems faced 
One major problem encountered was in the fabrication process. It was difficult to 
make structures with voids. The first difficulty was the design of the structure in the 
Electron Beam Lithography (EBL) system. The drawing capabilities of the system 
was limited and only certain fixed shapes such as lines, rectangles, triangles and 
circles could be drawn. As a result, the structure was designed using parallel lines to 
fill up the shape as explained in chapter 3 and then over exposing these lines to join 
up the gaps. The other fabrication issue was the lifting-off of the permalloy material at 
the holes. It was difficult to lift off at the holes due to formation of sidewalls to the 
extent whereby the ‘wanted’ and ‘unwanted’ permalloy material would join up. This 
problem is resolved by the use of bi-layer resist to create an undercutting, so as to 
prevent the formation of sidewalls.  
 
Another major problem was an issue with Magnetic Force Microscopy (MFM) 
scanning. The standard tip, when used to image the 2 µm x 1 µm structures, interacts 
with the sample and causes domain changes due to the stray field of the tip. The 
problem is resolved by using a low moment tip, with a weaker stray field, to do the 
imaging. 
 
Finally, it was initially proposed that measurements of experimental M-H loops be 
taken for the samples using the Vibrating Sample Magnetometer (VSM). However, 
several trials conducted were unsuccessful in obtaining a meaningful reading due to 
the low signal strength of the samples. In attempt to increase the signal strength, 
samples with large numbers of the patterned structures were fabricated. However, the 
numbers were not sufficiently large to overcome the low signal strength. Further 
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increment of the number of patterned samples was constrained by the EBL through-
put and available time.  
 
7.3 Recommendations 
In the work, we have only covered positions along the central long axis of the 
structure. More hole positions, away from this axis, can be experimented for their 
effects. A diagonally pair of holes may create preference for nucleation of vortices of 
a certain sense of rotation, and thus determine the domain state of the intermediate 
flux closure state. This will make the intermediate states more useful in information 
storage applications as the states become deterministically reproducible. 
 
Besides studying the easy axis, the hard axis could also be studied. Although it was 
found in the simulations that the remanent states along the hard axis were all low 
remanence states for all the 2 µm x 1 µm structure with holes, the low remanence 
states could also be suitable for other applications and controlling the domain states 
along the hard axis may also prove to be useful. 
 
The work was principally conducted on the low aspect ratio structure. It could be 
extended to a high aspect ratio structure, such as the 4 µm x 1 µm structure. Hard axis 
studies on the long structure could also prove to be interesting when holes are added.  
 
To obtain a more complete experimental data on the samples, M-H loop could be 
obtained experimentally using Magnetometers which have high sensitivity and can 
operate on samples with small number of patterned structures. Magneto-Optic Kerr 
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Effect (MOKE) and Superconducting Quantum Interference Device (SQUID) systems 
could be explored to obtain such readings.  
 
Finally, another aspect of the experiment is the choice of using an underlying current-
carrying conductor to switch the states. The experiment could be extended to include 
using the current-injection method or even using a spin-polarized current to switch the 
states. Current-injection method uses a different mechanism for reversal, such as 
current-induced domain wall motion, and may produce vastly different results.  
 
 
 
